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Chapter 1 
Combinatorial Strategies in Asymmetric Catalysis  
Combinatorial chemistry, a concept developed during the last two decades of the twentieth 
century, has been applied widely in different fields, such as natural product synthesis, drug discovery, 
chemical biology, catalyst development, material science and agricultural chemistry. Traditional 
chemistry usually focuses on the construction or development of organic molecules that have 
particular functions by building one molecule at a time. Combinatorial chemistry is a strategy that 
designs a collection of molecules for one particular purpose, simultaneously creating a library of 
compounds instead of a single molecule, and through the high-throughput screening, discovering the 
best candidate molecule for that purpose.  
     One of the newer applications of combinatorial chemistry is the discovery of new catalytic 
system, especially in asymmetric catalysis (Figure 1.1).1 Asymmetric catalysis is a technology that 
uses small amounts of chiral, enantiomerically pure (or enriched) catalysts to promote reactions and 
lead to the formation of large amounts of enantiomerically 
pure or enriched products. Mostly, three different kinds of 
chiral catalysts are employed: 1) metal ligand complexes 
derived from chiral ligands; 2) chiral organocatalysts; and 3) 
biocatalysts. According to what Nobel laureate W. S. Knowles 
discussed in his publication,2 achieving 95% ee only involves 
energy differences of about 2 kcal, which is no more than the 
energy barrier encountered in a simple rotation of ethane, it is 
unlikely that before the fact one can predict what kind of ligand structures will be effective. So, subtle 
variations in the catalyst structure and reaction conditions (including solvent, temperature, additive 
and chemical’s loading, etc.) can lead to great changes to reaction’s results both in conversion and 
enantiomeric excess (ee). Moreover, one chiral catalyst that has good performance in promoting the 
chemical reaction for a certain structural type of substrate is seldom effective or selective for a wide 
Figure 1.1. Asymmetric Catalysis.
                                                        
1 Inorganic Chemistry 2003, 42, 4810-4816. 
2 Knowles, W. S. J. Acc. Chem. Res. 1983, 16, 106-112. 
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range of substrates. To make a chemical transformation proceed with a maximum degree of efficiency 
and selectivity under the help of chiral catalyst, investigation on myriad catalyst structures and 
reaction parameters must be carried out.  
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Scheme 1.1. Solid-Phase Preparation of 2-Pyrrolidinemethanol Ligands
and Their Uses in Enantioselective Addition of Et2Zn to Aldehydes.
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In cases where the chiral catalysts are assembled from metal salts and chiral ligands, the 
appropriate combination of metal salt and chiral ligand is perhaps the most crucial factor to identify an 
effective chiral catalyst that can promote the chemical reaction with desirable levels of efficiency and 
selectivity. Considering the uncertainties and fundamental difficulties in predicting catalyst structure, 
it is not logical to carry out the study of a large number of potential catalysts or catalyst combinations 
randomly to realize the final effective chiral catalyst, so the systematical investigation and efficient 
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screening of a broad range of catalyst candidates bearing similar structure characters should be a good 
approach to address these problems.  
1.1 Early Examples of Applications of Combinatorial Strategy in Asymmetric Catalysis 
To illustrate the applications of combinatorial strategy in asymmetric catalysis more clearly, a 
brief review about primary examples are presented to explain the strategy specifically. In 1995, 
Professor Ellman and his coworkers carried out a general solid-phase preparation of 
2-pyrrolidinemethanol ligands intended for enantioselective addition of Et2Zn to aldehydes.3 As 
shown in Scheme 1.1, a series of 2-pyrrolidinemethanol ligands can be synthesized systematically on 
solid-phase, and their abilities to promote enantioselective addition of Et2Zn to aldehydes have been 
demonstrated. Catalysts with even slight differences in structure afforded different selectivities. One 
extreme case is 
that, ligand 1.2c, 
which carries two 
ethyl groups 
instead of phenyl 
groups on ligand 
1.2b, delivers the 
reaction with the 
opposite 
enantioselectivity.  
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Scheme 1.2. Catalyst Library for Diazo-Compound C-H insertion Chemistry.
Another 
early application 
of combinatorial 
strategy in catalyst 
discovery came 
from Professor 
                                                        
3 Liu, G.; Ellman, J. A. J. Org. Chem. 1995, 60, 7712-7713. 
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Burgess and coworkers’ catalyst library for diazo-compound C-H insertion chemistry (Scheme 1.2).4  
There are 140 different catalyst combinations that can be generated from the pool of ligands, metal 
salts and reaction 
solvents, and 96 of 
these catalyst 
systems have been 
screened in parallel 
in the catalytic 
reactions. Some of 
them would 
otherwise be viewed 
as too unusual to 
warrant testing in a 
sequential fashion. In this respect, the concept of high throughput screening encourages creativity. 
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Scheme 1.3. Schiff Base Catalysts Optimized from Parallel Synthetic Libraries for
Asymmetric Strecker Reaction.
In 1998, Professor Jacobsen identified a Schiff base thiourea catalyst for asymmetric Strecker 
reaction from parallel synthetic libraries (Scheme 1.3).5 In subsequent years, this Schiff base thiourea 
catalyst system has been successfully used in various chemical transformations to generate target 
molecules with high efficiency and selectivity by similar parallel screening approaches.6 In the first 
report of this type of Schiff base thiourea catalyst for catalytic asymmetric Strecker reaction, various 
candidates are screened to probe the function of each portion of the backbone ligand structure. 
Different metal salts were also screened in the initial stage with the aim of improving the result of the 
reaction, whereas comparable reactivity was observed in each case, the unexpected fact is that ligand 
in the absence of any metal salt provided the highest enantioselectivity. Subsequent mechanistic 
                                                        
4 Burgess, K.; Lim, H-J.; Porte, A. M.; Sulikowski, G. A. Angew. Chem. Int. Ed. Engl. 1996, 35, 220-222. 
5 Sigman, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120, 4901-4902. 
6 (a) Sigman, M. S.; Vachal, P.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2000, 39, 1279–1281. (b) Vachal, P.; Jacobsen, E. N. Org. Lett. 2000, 2, 
867–870. (c) Wenzel, A. G.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 12964–12965. (d) Wenzel, A. G.; Lalonde, M. P.; Jacobsen, E. N. 
Synlett 2003, 12, 1919–1922. (e) Taylor, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 2004, 126, 10558–10559. (f) Yoon, T. P.; Jacobsen, E. N. 
Angew. Chem. Int. Ed. 2005, 44, 466–468. (g) Fuerst, D. E.; Jacobsen, E. N. J. Am. Chem. Soc. 2005, 127, 8964–8965. (h) Taylor, M. S.; 
Jacobsen, E. N. Angew. Chem. Int. Ed. 2005, 44, 6700–6704. (i) Raheem, I. T.; Jacobsen, E. N. Adv. Synth. Catal. 2005, 347, 1701–1708. (j) 
Huang, H.; Jacobsen, E. N. J. Am. Chem. Soc. 2006, 128, 7170–7171. (k) Lalonde, M. P.; Chen, Y.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2006, 
45, 6366–6370. (l) Tan, K. L.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2007, 46, 1315–1317. (m) Raheem, I. T.; Thiara, P. V.; Peterson, E. A.; 
Jacobsen, E. N. J. Am. Chem. Soc. 2007, 129, 13404–13405.  
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studies indicated that the thiourea motif on the ligand plays an important role as the hydrogen bonding 
donor to activate the C=N bond.7 
Catalyst identification utilizing combinatorial strategy is also chosen by the researchers in 
H
N
F
O 0.25 mol %
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Scheme 1.4. Enantioselective Hydrogenation of 3-Alkylidenelactams.
industry to synthesize molecules of biological significance. In 2002, researchers at Bristol-Myers 
Squibb screened a set of 32 chiral phosphines and 8 metal salts for enantioselective hydrogenation of 
3-alkylidenelactams (32 × 8 = 256 combinations in total).8 The surprising result is that the highest 
enantioselectivity was provided by the combination of 2,4-bis(diphenylphosphino) pentane (BDPP) 
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Scheme 1.5. Synthesis of bis-(Sulfonamide) Ligands with Polymer-Support
Reagents and Application of Catalysts in Asymmetric Catalysis.
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7 Vachal, P.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 10012–10014. 
8 Yue, T-Y.; Nugent, W. A. J. Am. Chem. Soc. 2002, 124, 13692-13693. 
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1.9 and [(COD)2Ir]BF4 (COD = 
1,5-cyclooctadiene) (Scheme 1.4). BDPP, 
compared to other phosphine ligands, lacks 
structural rigidity; rigidity is usually a 
beneficial feature of chelating diphosphine 
ligand for achieving high enantioselectivity. 
Using this fascinating discovery from 
high-throughput screening, synthesis of 
3-alkylpiperdines can be carried out on 20 
kg scale with only 0.25 mol % catalysts 
loading. This is a good example about the 
application of combinatorial strategy in a 
practical setting. 
                                                       
Another early example of a 
combinatorial strategy in asymmetric 
catalysis comes from Professor Gennari. A new family of chiral ligands was discovered and screened 
to catalyze the efficient and enantioselective addition of Et2Zn to enones. The new family of chiral 
Schiff base ligands, which contain a set of different metal binding sites (imine, phenol and secondary 
sulfonamide), can promote the enantioselective Michael additions of Et2Zn to cyclic enones in 
presence of Cu(OTf)2 salts;9 whereas in presence of Ti(Oi-Pr)4, it can deliver an ethyl group to the 
carbonyl efficiently and selectively.10  
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9 Chataigner, I.; Gennari, C.; Piarulli, U.; Ceccarelli, S. Angew. Chem. Int. Ed. Engl. 2000, 39, 916-918. 
10 Gennari, C.; Ceccarelli, S. Piarulli, U.; Montalbetti, C. A.; Jackson, R. F. J. Org. Chem. 1998, 63, 5312-5313. 
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Professor Miller’s group has been studying a peptide-based catalyst that enables new 
enantioselective processes by high throughput catalyst screening. As the peptide ligands can be easily 
assembled with various amino acid structures, the screening of a large number of peptide based 
catalysts in promoting various enantioselective chemical transformations becomes possible. By 
utilizing similar combinatorial strategy, Miller and his coworkers have succeeded in phosphorylation 
of a partially benzyl protected inositol,11 asymmetric addition of TMS-azide to enones12 and an 
enantioselective Baylis-Hilman reaction (Scheme 1.6).13  
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Scheme 1.6. Open-Chain Peptide-Based Catalysts in Enantioselective Chemical Transformations.
                                                        
11 Sculimbrene, B. R.; Miller, S. J. J. Am. Chem. Soc. 2001, 123, 10125-10126. 
12 Guerin, D. J.; Miller, S. J. J. Am. Chem. Soc. 2002, 124, 2134-2135. 
13 Imbriglio, J. E.; Vasbinder, M. M.; Miller, S. J. Org. Lett. 2003, 5, 3741-3743. 
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1.2 Review of the Asymmetric Catalysis Methodology Developed from the Hoveyda/Snapper 
Collaboration 
Initial Exploration in Development of Peptide Catalyst for Asymmetric Catalysis 
     The groups of Professor Hoveyda and Snapper began their investigation on peptide catalyst 
development and reaction output screening before 1996. As it is well known, enzymes can be used as 
catalyst to promote asymmetric reaction. The idea that using a 
piece of peptide from the active site of enzyme as ligand, 
combined with transition metal to promote potent 
stereoselective reaction was not widely recognized. 
Peptide-Schiff base catalyst, which was first presented by Inuoe,14 usually can be depicted as the 
structure shown in Figure 1.2. It is composed of a Schiff base or reduced amine N-terminus, one or 
two amino acids (AA1, AA2) and a C-terminus. Using standard peptide coupling procedures, the 
peptide catalyst can be prepared easily either in solution or on solid phase. Because of the large 
number of commercially available amino acids and functionalized aldehydes bearing various 
substituents, there are a great number of possible ligands that can be generated. For example, if we use 
the salicylaldehydes as N-terminus, choosing a 20 different substituted salicylaldehydes as the pool for 
N-terminus, 20 different amino acids as the candidate pool for AA1 and AA2 positions, and 5 amines 
N
H
N
N
H
O
O AA2
AA1
OH
C-terminusN-terminus
R
Figure 1.2. General Peptide Ligand Structure.
X
O + TMSCN
2.0 equiv
OTMS
CN
20 mol % Ti(Oi-Pr)4
20 mol % peptide ligand
toluene, 4 oC
N
H
N
N
H
OH
O
Ph
O
OMe
O
Initial ligand, 26% ee
N
H
N
N
H
OH
O
Ph
O
OMe
O
First generation, 56% ee
N
H
N
N
H
OH
O
O
OMe
O
Second generation, 63% ee
Ot-Bu
N
H
N
N
H
OH
O
O
OMe
O
Third generation, 86% ee
Ot-Bu
F
Scheme 1.7. Ti-Catalyzed Enantioselective Addition of TMSCN to meso Epoxide.
1.19 1.20
1.21 1.22
                                                        
14 Mori, A.; Abe, H.; Inoue, S. Applied Organometallic Chemistry. 1995, 9, 189-197. 
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as the C-terminus potential candidates, it will result in a pool containing 40,000 (20 x 20 x 20 x 5) 
different ligands. Since it is impossible to rule out cooperative effects without testing each 
combination individually, a systematical positional screening method needs to be developed in order 
to identify a good catalyst to promote the reaction efficiently and selectively.  
     The first successful example from the peptide project was reported in 1996; Ti(Oi-Pr)4 
combined with a Schiff base ligand derived from salicylaldehyde can promote the asymmetric opening 
of meso epoxide by TMSCN to provide chiral cyanohydrin with good enantioselectivity (Scheme 
1.7).15 A positional screening for AA1, AA2 and the N-terminus was carried out systematically. As 
shown in Scheme 1.7, after the first screening step, the reaction’s enantioselectivity increased from 
26% to 56% by switching L-Val to L-Tle (10 amino acids were screened). During the next ligand 
modification process, L-Tle was fixed as AA1 while AA2 was screened (16 amino acids were 
screened), affording a higher enantioselectivity (63% ee) with optimal amino acid L-Thr(Ot-Bu) as 
AA2. At last, the Schiff base’s N-terminus was modified, and 3-fluorosalicylaldehyde was identified to 
be the optimal candidate to provide the third generation Schiff base ligand (13 salicylaldehydes were 
screened), which can promote the reaction with 89% ee. The successful application of systematical 
screening reduced the number of ligands that need to be synthesized and screened significantly. Only 
39 ligands (10 + 16 + 13) out of 2080 possible combinations (10 x 16 x 13) were synthesized and 
tested in the catalytic reaction. One thing that needs to be mentioned here is that this strategy is based 
on the assumption that the influence of each ligand subunit is independent and additive. By screening 
each ligand subunit, the process for discovering competent ligand for catalytic asymmetric synthesis 
became much more efficient. After this successful exploration, a number of chiral catalysts have been 
developed for various synthetically useful transformations, and a summary is presented below to show 
the productivity and creativity of this peptide based catalysis project. 
                                                        
15 (a) Cole, B. M.; Shimizu, K. D.; Krueger, C. A.; Harrity, J. P. A.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem. Int. Ed. Engl. 1996, 35, 
1668-1671. (b) Shimizu, K. D.; Cole, B. M.; Krueger, C. A.; Kuntz, K. W.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem. Int. Ed. Engl. 1997, 
36, 1703-1707. 
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Asymmetric Addition to Carbonyl Group  
     In 2002, a new, efficient and enantioselective method for the addition of TMSCN to aromatic 
(cyclic and acyclic) and aliphatic ketones (saturated and unsaturated) was developed in peptide 
project.16 In the presence 
of Lewis acidic 
Al(Oi-Pr)3 and a peptidic 
chiral ligand, cyanation 
of ketones can be carried 
out with high conversion 
within 48 hours and 
enantioselectivity 
(Scheme 1.8). It was 
also determined that the 
combined presence of MeOH and 3 Å molecular sieves is critical to the reaction’s efficiency, as well 
as selectivity.  
good 
17
                                                       
R1 R2
O
TMSCN+
2 equiv
N
H
N
N
H
OMeMeO
OH
O
NHTrO
O
O
20 mol % 1.23
20 mol % Al(Oi-Pr)3, 20 mol % MeOH 
2 equiv 3 Å molecular sieves, toluene
-78 oC, 48 h
R1 R2
NC OTMS
Et
NC OTMS
98% yield, 88% ee
NC OTMS
87% yield, 80% ee
Cl
NC
OTMS
87% yield, 88% ee
NC OTMS
85% yield, 88% ee
O
Me
NC OTMS
67% yield, 95% ee
Me
NC OTMS
93% yield, 80% ee
Me
NC OTMS
93% yield, 86% ee
Me n-Hex
Me
NC OTMS
78% yield, 90% ee
Scheme 1.8. Al-Catalyzed Enantioselective Addition of TMSCN to Ketones.
     In 2005, Laura 
Wieland and Dr. Deng 
developed an 
Al-catalyzed 
enantioselective method 
for additions of Me2Zn 
and Et2Zn to various 
α-ketoesters bearing 
aromatic, alkenyl and 
alkyl substituents.  
Through rapid screening, they also discovered that the reaction’s rate and enantioselectivity improved 
N
H
N
NHn-Bu
OH
MeO
Ot-Bu
O
OTrt
O15 mol %
1.24
15 mol % Al(Oi-Pr)3, toluene, -78 oC
50 mol % P
O
EtO
EtO NH2 1.25
R
OMe
O
O
+
Me2Zn
10 equiv
Et2Zn
3 equiv
or R
OMe
O
OHalkyl
alkyl = Et or Me
OMe
O
OHEt
98% yield, 83% ee
OMe
O
OHMe
97% yield, 95% ee
Et
OMe
O
OHMe
44% yield, 92% ee
O
OMe
O
Et OH
90% yield, 72% ee
Me OH
O
OMe
91% yield, 56% ee
Scheme 1.9. Al-Catalyzed Enantioselective Addition of Alkylzinc Reagents to α-Ketoesters.
 
16 Deng, H.; Isler, M. P.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2002, 41, 1009-1012. 
17 Wieland, L. C.; Deng, H.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 15453-15456. 
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significantly in the 
presence of a 
phosphoramidic acid 
diethyl ester additive 1.25 
(Scheme 1.9).  
     Three years later, 
Donna Friel successfully 
expanded the substrate 
scope of Al-catalyzed 
asymmetric alkylations to 
pyridyl-substituted alkynyl 
ketones (Scheme 1.10). 18  
Two easily accessible 
chiral ligands are identified 
as optimal for reactions of 
the two dialkylzinc 
reagents. Catalytic 
alkylations with Et2Zn 
require a chiral ligand 
carrying two amino acid moieties 
(valine and phenylalanine) alone 
with a 
p-trifluoromethylphenylamide 
C-terminus; whereas reactions with 
Me2Zn are most effectively 
promoted in the presence of a chiral 
ligand containing a single amino acid (benzyl cysteine), capped by an n-butylamide. In addition, the 
N
H
N
N
H
OH
O
O
CF3
1.26
5-10 mol % Al(Oi-Pr)3, 3 equiv Et2Zn
50 mol % H2NP(O)(OEt)2 1.25
toluene, -78 oC, 20 min
5-10 mol %N
R
O
N
R
HO Et
N
HO Et
80% yield, >98% ee
N
HO Et
87% yield, >98% ee
Br N
HO Et
67% yield, >98% ee
MeO
N
HO Et
74% yield, >98% ee
N
Si
HO Et
i-Pr
i-Pr
84% yield, >98% ee
i-Pr
N
n-Hex
HO Et
73% yield, 98% ee
N
NHn-Bu
OH
SBn
O 1.27
15 mol % Al(Oi-Pr)3, 5 equiv Me2Zn
toluene, -30 oC, 12 h
N
R
O
N
R
HO Me
N
HO Me
74% yield, 95% ee
N
HO Me
57% yield, 96% ee
Br N
HO Me
77% yield, 96% ee
MeO
N
HO Me
74% yield, 91% ee
N
Si
HO Me
i-Pr
i-Pr
65% yield, 57% ee
i-Pr
N
n-Hex
HO Me
59% yield, 89% ee
15 mol %
S
Scheme 1.10. Al-Catalyzed Asymmetric Alkylations.
N
AcO Et
>98% ee
5.1 equiv MgCl
5.0 equiv CuCN, -40 oC
35 min
• Et
N
74% yield, 97% ee
N
HO Et
>98% ee
1.0 equiv Et3N, CH3CN
82 oC, 2 h
5 mol % CuI
N
O
Ph
Et
80% yield, >98% ee
Scheme 1.11. Functionalizations of the Pyridyl-Substituted Tertiary Carbinols.
                                                        
18 Friel, D. K.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 127, 9942-9951. 
 11
phosphoramidic acid diethyl ester additive 1.25, which was discovered to be effective in previous 
study regarding Al-catalyzed enantioselective additions of Me2Zn and Et2Zn to α-ketoesters, was 
proved only to be effective in promoting addition of Et2Zn to pyridyl-substituted alkynyl ketones, but 
detrimental to the enantioselectivity of additions involving Me2Zn. Meanwhile, some synthetically 
interesting functionalizations were also explored by using the catalytic reaction’s products, 
enantiomerically enriched tertiary propargyl alcohols, as starting materials (Scheme 1.11).  
 
                                                       
     In 2006, Dr. Akullian 
utilized a combinatorial 
strategy developed in the 
peptide project for catalyst 
optimization to probe the 
efficiency of an assortment of 
amino acid-based ligands in 
combination with a range of 
transition metal salts (e.g., 
Cu(I), Cu(II), Ag(I), Al(III), 
Zn(II), Sc(III) and Yb(III) salts) 
to promote enantioselective 
Mukaiyama aldol addition of 
enolsilane to α-ketoester 
(Scheme 1.12). 19 Ligands 
bearing different N-terminus 
(phosphine based, salicyl-based 
and pyridyl based) were also screened to deliver the Mukaiyama aldol chemical transformation with 
appreciable reactivity and enantioselectivity. This catalytic reaction can also be carried out with 
Danishefsky’s diene; the catalytic Mukaiyama aldol reaction’s products can generate the cyclic 
products in situ. 
N
N
H
N
NHn-Bu
Me
O
O10 mol %
1.28
10 mol % AgF2, THF
-40 to -15 oC, 24 to 48 h
G
OEt
O
O
+
R
OTMS
G
OEt
HO
R
O
OEt
HO
Ph
O
O
92% yield, 86% ee
OMe
HO
Ph
O
O
MeO2C
95% yield, 92% ee
OEt
HO
Ph
O
O
93% yield, 60% ee
OEt
HO
Ph
O
O
95% yield, 72% ee
S
OEt
HO
Me
O
O
97% yield, 90% ee
OEt
HO
t-Bu
O
O
61% yield, 92% ee
O
N
N
H
N
NHn-Bu
Me
O
O10 mol %
1.28
10 mol % AgF2, THF
-30 oC, 24 h O
O
R
CO2Et
R
OEt
O
O
OMe
OTMS
+
O
O
i-Pr
CO2Et
O
O
Cy
CO2Et
66% yield, 90% ee 62% yield, 90% ee
Scheme 1.12. Ag-Catalyzed Enantioselective Aldol Addition to α-Ketoesters.
 
19 Akullian, L. C.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 6532-6533. 
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Asymmetric Addition to Imine Group  
     In 1999, Krueger and coworkers disclosed an efficient asymmetric Ti-catalyzed Strecker 
reaction;20 the optimal peptide ligand was identified by high-throughput catalyst screening and 
mechanism-based modification. 
Addition products can be isolated 
with >99% ee and >80% yield; 
the resulting amino nitriles can 
also be readily converted to the 
corresponding amino acids 
(Scheme 1.13). One interesting 
observation is that catalyst 
turnover is facilitated 
significantly in the presence of additive i-PrOH. A protic additive may speed up the regeneration of 
the catalytic reactive Ti4+ by helping the cleavage of the Ti-N bond. 
N
H
N
N
H
OH
Cl
Cl
O
Ot-Bu
O
O
OMe
10 mol %1.29
10 mol % Ti(Oi-Pr)4, 2 equiv TMSCN
1.5 equiv i-PrOH (slow addition over 20 h)
toluene, 4 oC
Cl
N
Ph Ph
Cl
HN
Ph Ph
H
CN
85% yield, >99% ee
1, 6 N HCl, 70 oC
2, (Boc)2O, NaOH, dioxane, 22 oCCl
BocHN
H
CO2H
86% yield, >99% ee
Scheme 1.13. Ti-Catalyzed Enantioselective Cyanide Addition to Aromatic Imines.
One year later, Porter and coworkers began to investigate the catalytic asymmetric cyanide 
addition to α,β-unsaturated imines.21 They discovered a highly regioselective and enantioselective 
route to provide β,γ-unsaturated α-amino acids, which have various biologically significances such as 
N
H
N
N
H
OH
O
Ot-Bu
O
O
OMe
10 mol %1.21
10 mol % Ti(Oi-Pr)4, 2 equiv TMSCN
1.5 equiv i-PrOH (slow addition over 20 h)
toluene, 4 oC, 24 h 80% yield, 97% ee
N
Ph
Ph N
H
Ph
Ph
CN
N
H
N
N
H
OH
O
Ot-Bu
O
O
OMe
15 mol %1.21
15 mol % Ti(Oi-Pr)4, 2 equiv TMSCN
1.5 equiv n-BuOH (slow addition over 10 h)
toluene, -20 oC 80% yield, 95% ee
N
Ph
Ph N
H
Ph
Ph
CN
Me
Scheme 1.14. Ti-Catalyzed Enantioselective Cyanide Addition to α,β-Unsaturated Arylimines.
                                                        
20 Krueger, C. A.; Kuntz, K. W.; Dzierba, C. D.; Wirschun, W. G. Gleason, J. D.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 1999, 121, 
4284-4285. 
21 Porter, J. R.; Wirschun, W. G.; Kuntz, K. W.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2000, 122, 2657-2658. 
 13
antibiotic and enzyme inhibitory properties (Scheme 1.14). 
Josephsohn and Kuntz began mechanism studies toward 
enantioselective Ti-catalyzed Strecker reaction and published their 
observation in 2001.22 The reaction is first order in the Ti•ligand 
complex; kinetic studies reveal ∆S‡ = -45.6 ± 4.1 cal K-1 mol -1, 
indicating a highly organized transition structure for the turnover-limiting step of the catalytic cycle. 
According to the kinetic and stereochemical data, the non-C2-symmetric peptide catalyst likely 
operates in a bifunctional manner: The Ti•Schiff base coordinates with the substrate, while an amide 
moiety within the peptide segment associates and deliv
O
N
H
N
Ti
t-Bu
X
NP
R
O
NHBuO
SiMe3
Ot-Bu
CN
Figure 1.3. Proposed Transition State
for Ti Catalized Strecker Reaction.
ers cyanide to the activated imine (Figure 1.3).  
                                                       
Meanwhile, the research project on enantioselective alkylation was carried out in the peptide 
group and the first report came out on 2001.23 Porter and Traverse utilized the phenol-based Schiff 
base peptide ligand combining with Zr(Oi-Pr)4•HOi-Pr to promote imine alkylation that afford 
arylimines in 84-98% ee and 60-98% isolated yield (Scheme 1.15). Further studies on the catalytic 
alkylation of electron deficient imine substrates were shown to predominately provide reduced amine 
product. This observation illustrates that the active chiral ligand maybe the reduced peptidic amine and 
not the original Schiff base. Because an EtZn or EtZr complex might undergo rapid β-H elimination to 
provide a metal hydride that can reduce the C=N bond; it was surmised that competitive reduction of 
the highly electrophilic imine substrate might preclude the in situ generation of the active amine 
ligand. This prediction was supported in the study of Et2Zn’s addition to electron deficient imine 
substrates and catalytic imine alkylation involving other less reactive alkylzinc reagents. 
Later of the same year, the methodology was expanded to include aliphatic imine substrates.24 
Due to stability problems upon isolation, in contrast to aromatic imines, asymmetric catalysis 
involving aliphatic imines are scarcely reported. The presence of acidic α-proton leads to formation of 
the enamines and corresponding homocoupling products. The in situ generation of imine substrate 
from an appropriate aldehyde and o-anisidine, followed by the catalytic alkylation proceeds with both 
high efficiency and good enantioselectivity.  
 
22 Josephsohn, N. S.; Kuntz, K. W.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2001, 123, 11594-11599. 
23 Porter, J. R.; Traverse, J. F.; Hoveyda, A. H.; Snapper, M. L. J. Am. Chem. Soc. 2001, 123, 984-985. 
24 Porter, J. R.; Traverse, J. F.; Hoveyda, A. H.; Snapper, M. L. J. Am. Chem. Soc. 2001, 123, 10409-10410. 
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As an important attribute 
of this Zr-catalyzed asymmetric 
C-C bond formation reaction, 
alkylzinc reagents other than 
Et2Zn and Me2Zn can also be 
employed in the 
enantioselective alkylation 
reaction (Scheme 1.16).  
Scheme 1.15. Zr-Catalyzed Enantioselective Additions to Imines
Promoted by Amine-Peptide Ligands.
Aryl N
OMe
0.1-10 mol % peptidic ligand
0.1-20 mol % Zr(Oi-Pr)4.HOi-Pr
Aryl N
H OMe
Et
N
H
N
NHn-Bu
OH
Me Me
O
Ph
O
3-6 equiv Et2Zn or 15 equiv Me2Zn
Toluene, 0-22 oC, 24-48 h
N
H
H
N
NHn-Bu
OH
Me Me
O
Ph
O
MeO
Further studies 
established that Hf-catalyzed 
asymmetric enantioselective 
alkylation involving aliphatic 
imines affords the desired 
optically enriched aliphatic 
amine products with higher 
yields and similar selectivity 
levels as the Zr-catalyzed 
protocol (Scheme 1.17).25 This 
observation can be explained as 
the less Lewis acidic Hf(Oi-Pr)4
•HOi-Pr leads to less adventitious decomposition, presumably through enamine generation. 
                                                        
25 Akullian, L. C.; Porter, J. R.; Traverse, J. F.; Snapper, M. L.; Hoveyda, A. H. Adv. Synth. Catal. 2005, 347, 417-425. 
10 mol % Zr(Oi-Pr)4.HOi-Pr
R N
H OMe
Et
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R
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+
MeO
H2N
R = Aryl
       Alkyl
1.22 1.23
N
H
H
N
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OH
Me Me
O
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O
MeO
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N
H OMe
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N
H OMe
Et
F3C
N
H
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OMe
MeO
N
H OMe
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O
N
H OMe
Me
82% yield, 93% ee
79% yield, 88% ee 98% yield, 84% ee
71% yield, 91% ee87% yield, 88% ee
N
H
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OMeO
87% yield, 97% ee
N
H OMe
Et
92% yield, 91% ee
10 mol %
N
H OMe
Et
98% yield, 83% ee
O
N
H
Me
OMe
68% yield, 88% ee
Ph
N
H OMe
Et
60% yield, >98% ee
N
H OMe
Et
83% yield, 98% ee
C5H11
N
H
Et
OMe
48% yield, >98% ee
HO
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In 2003, this Zr-catalyzed 
enantioselective alkylation 
method was successfully 
employed for the generation of 
another important class of 
N-containing co ounds, 
proparyglamines.
mp
lecules (Scheme 1.19).  
                                                       
26  After 
modification of the chiral ligand, 
dipeptide ligand 1.24 was 
identified to promote the 
catalytic reaction with higher 
enantioselectivity (68% ee vs. 
47% ee) (Scheme 1.18). Again, 
reactions with a broad scope of 
substrates and different 
alkylzinc reagents have been 
explored. With the more 
reactive Et2Zn, higher 
selectivity is obtained when Zr(Oi-Pr)4•HOi-Pr is used; with the less reactive Me2Zn or longer chain 
dialkylzinc reagents, significantly higher enantioselectivities are attained with Zr(Ot-Bu)4. Some 
interesting functionalizations of the propargylamine product have also been carried out: a) 
Ru-catalyzed enyne metathesis proceeds in the presence of 5 mol % HG-II catalyst, the obtained diene 
product may be further modified through [4+2] cycloaddition with dienophiles; b) Efficient and 
diastereoselective Ti-catalyzed intramolecular Pauson-Khand reaction was promoted by 20 mol % 
Cp2Ti(CO)2. All of these attributes show the significance of propargylamines in the synthesis of 
complicated N-containing mo
10 mol % Zr(Oi-Pr)4.HOi-Pr
R N
H OMe
alkyl
6 equiv alkylzinc reagent
 Toluene, 0-22 oC, 36-48 h
R
H
O
+
MeO
H2N
R = Aryl
       Alkyl
N
H
H
N
NHn-Bu
OH
Me Me
O
Ph
O
MeO
1.23
10 mol %
N
H OMe
C8H17
63% yield, 98% ee
N
H OMe
80% yield, 97% ee
Me
Me
Scheme 1.16. Zr-Catalyzed Enantioselective Alkylation
involving Other Alkylzinc Reagents.
Scheme 1.17. Hf-
 
26 Akullian, L. C.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2003, 42, 4244–4247. 
10 mol % M(Oi-Pr)4.HOi-Pr
R N
H OMe
Et
6 equiv Et2Zn
 Toluene, 0-22 oC, 24 h
R
H
O
+
MeO
H2N
R = Alkyl
N
H
H
N
NHn-Bu
OH
Me Me
O
Ph
O
MeO
1.23
10 mol %
N
H OMe
Et
Zr: 83% yield, 98% ee
Hf: >98% yield, 97% ee
vs. Zr-Catalyzed Imine Alkylations. A Comparison in Efficiency and
Enantioselectivity.
n-hex N
H
Et
OMe
Zr: 62% yield, 97% ee
Hf: 91% yield, 95% ee
N
H OMe
Et
Zr: 58% yield, 95% ee
Hf: 76% yield, 91% ee
N
H
n-pent Et
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Zr: 60% yield, >98% ee
Hf: 83% yield, 95% ee
i-Pr
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Meanwhile, Dr. 
Traverse carried out a study 
towards addition of 
alkynylzinc reagents to 
various arylimines and 
published his results in 
2003. 27  He expanded the 
utility of dipeptide ligand 
combined with Zr(Oi-Pr)4 •
HOi-Pr by preparing 
biologically important 
N-containing organic building 
blocks (Scheme 1.20). He 
demonstrated that the 
introduction of another 
Si-containing alkylzinc 
reagent led to significant 
improvement in reaction’s 
efficiency (>98% 
conversion vs
R
O + ArNH2
N
H
H
N
NHn-Bu
OH
t-Bu
t-Bu
Me Me
O
O
Ph
1.24
10 mol %
10 mol % Zr(Oi-Pr)4.HOi-Pr, 6 equiv Et2Zn
Toluene, 0-22 oC, 4 h
R
NHAr
Et
n-Pent
N
H
Et
n.d., 68% ee
OMe n-Pent
N
H
Et
84% yield, 94% ee
OPh
N
H
Et
86% yield, 84% ee
OPh
TMSO
Me Me
Ph
N
H
Et
85% yield, >98% ee
OPh
N
H
Et
70% yield, >98% ee
OPh
TBSO
R
O +
10 mol % Zr(Ot-Bu)4
6 equiv Me2Zn or (alkyl)2Zn
Toluene, 0-22 oC, 4 h
R
N
H
alkyl
10 mol % 1.24
H2N
OPh
OPh
n-Pent
N
H
Me
87% yield, 82% ee
OMe Ph
N
H
Et
84% yield, 80% ee
OPh Ph
N
H
81% yield, 91% ee
OPh
Me
Me
Scheme 1.18. Zr-Catalyzed Enantioselective Alkylation of Alkynylamines.
. 5-10%
conversion).  
                                                       
 
n-Pent
N
Et
OPh
MesN NMes
Ru
Oi-Pr
Cl
Cl
5 mol %
CH2Cl2, 2 h, 22 oC
Ar = o-OPhC6H4
20 mol % Cp2Ti(CO)2
1 atm CO, Toluene
12 h, 90 oC
N
Ar
Et
n-Pent
ArN
Et
H
O
n-Pent
92% yield
9:1 dr, 80% yield
Scheme 1.19. Functionalizations of the Propargylamines.
 
27 Traverse, J. F.; Snapper, M. L.; Hoveyda, A. H. Org. Lett. 2003, 5, 3273-3275. 
 17
Recently, we have 
successfully applied this 
Zr-catalyzed enantioselective 
alkylation methodology into 
three classes of ketoimines 
including aryl-, 
alkyl-substituted α-ketoimine 
esters and 
trifluoroalkyl-substituted 
ketoimines. 28 Ketoimines, 
unlike corresponding 
aldimines, are sterically 
congested and relatively 
unreactive. Ketone-derived 
imines also bear substituents that 
are more similar in size than 
those of an aldimines, so they 
always exist as an E and/or a Z 
isomer. All of these factors render 
differentiation of enantiotopic 
faces of a ketoimine especially 
difficult. In this report, catalytic 
asymmetric alkylation reactions 
f aryl-substituted α-ketoimine 
esters involving Me2Zn was first 
described. Both aryl-substituted 
and heterocycle-substituted α-ketoimine esters can be applied in the asymmetric alkylation reactions 
 
o
                                                       
N
H
H
N
NHn-Bu
OH
MeO
Me Me
O
O
Ph 1.23
10 mol %
11 mol % Zr(Oi-Pr)4.HOi-Pr
Toluene, 22 oC, 24-72 h
Scheme 1.20. Zr-Catalyzed Enantioselective Addition of Alkynylzincs to Imines.
Zn SiMe3 2
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Zn SiMe3 2
2.0 equiv
Ar H
N
MeO
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HN
MeO
SiMe3
HN
MeO
SiMe3
83% yield, 90% ee
HN
MeO
SiMe3
84% yield, 69% ee
Br HN
MeO
SiMe3
69% yield, 86% ee
MeO
HN
MeO
SiMe3
72% yield, 82% ee
O
HN
MeO
SiMe3
90% yield, 81% ee
Cl
Scheme 1.21. Zr-Catalyzed AA Reactions of Aryl-Substituted
and Heterocycle-Substituted α-Ketoimine Esters with Me2Zn.
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O
MeO
5-10 mol % Zr(Oi-Pr)4.HOi-Pr
Me NH
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Me Me
Ph 1.23
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OMe
Me NH
OMe
O
OMe
Me NH
OMe
O
MeO
OMe
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OMe
O
F3C
OMe
Me NH
OMe
O
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94% yield, 94% ee
OMe
Me NH
OMe
O
93% yield, 97% ee
N
Boc
OMe
Me NH
OMe
OO
 
28 Fu, P.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 5530-5541. 
 18
with Me2Zn and 
afford to 
α-quaternary amino 
esters with high 
iency and 
enantioselectivity 
(Scheme 1.21). As 
what is shown in 
Scheme 1.21, 
substrates bearing 
either an 
electron-withdrawing or an electron-donating groups can be promoted by Zr(Oi-Pr)4 •HOi-Pr 
combined with dipeptide ligand to afford to α-quaternary amino esters. Similarly, catalytic alkylation 
involving ortho-substituted substrates also proceed to high enantioselectivity. These findings 
demonstrate the generality of the asymmetric alkylation method. Next, catalytic asymmetric Me2Zn 
addition to trifluoromethylketoimines was explored. Through a positional screen with a small selection 
of chiral ligands bearing different N-terminus, we found that dipeptide ligand 1.24 is optimal in 
promoting the alkylation and achieving both high efficiency and enantioselectivity (Scheme 1.22). 
Again, asymmetric alkylation towards trifluoromethylketoimine has a broad substrate scope including 
heterocycle-substituted substrates. 
effic
When we moved our study to catalytic asymmetric Et2Zn addition to α-ketoimine esters, we met 
particularly competitive noncatalytic alkylzinc additions due to the higher reactivity of Et2Zn (vs 
Me2Zn). As shown in Scheme 1.23, side-products arising from 1,4-conjugated addition and H-addition 
account for significant ratio in the reaction’s mixture. After careful study and extensive modification, 
we found less electrophilic substrates afforded higher ratio of desired 1,2-addition product. It is 
plausible that, with the less electrophilic substrate, the uncatalyzed conjugated addition and H-addition 
are relatively slow, which allows for a more effective competition by the 1,2-addition pathway. 
CF3
N 10 mol % chiral ligand
10 mol % Zr(Oi-Pr)4.HOi-Pr
4.0 equiv Me2Zn, toluene, 22 oC, 48 h
MeO
CF3
NH
OMe
N
H
H
N
NHn-Bu
MeO
OH
i-Pr
O Bn
O
N
H
H
N
NHn-Bu
OH
i-Pr
O Bn
O
t-Bu
t-Bu
17% conv, 92% ee
Me
1.23
Scheme 1.22. Catalytic AA Reactions of Trifluoromethylketoimines with
Me2Zn.
1.24
95% conv, >98% ee
CF3
NH
OMe
Me
CF3
NH
OMe
Me
CF3
NH
OMe
Me
CF3
N
Boc
NH
OMe
Me
MeO MeO2C
93% yield, >98% ee 66% yield, >98% ee 70% yield, 96% ee 96% yield, 98% ee
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At last, we moved our direction to the more challenging area: Zr-catalyzed AA reactions of 
alkyl-substituted α-ketoimine esters. The synthesis of alkyl-substituted α-ketoimine esters is 
particularly difficult comparing to aryl-substituted α-ketoimine esters because of the existence of 
acidic proton adjacent to C=N bond. The former three components in situ preparation method, which 
applied to the case of alkyl-substituted aldimines, can not be used to synthesize alkyl-substituted 
α-ketoimine esters due to reduced electrophilicity of corresponding alkyl-substituted α-keto esters. To 
overcome this problem, we developed a method based on recently reported procedure,29 a process 
starting from o-methoxyphenylazide, under Stautinger reaction’s conditions, to provide the 
alkyl-substituted α-ketoimine esters in good crude yield. To overcome the decomposition during silica 
gel chromatography, a simple aqueous wash was applied to the crude mixture after imine preparation. 
The remaining crude imine can be used in the catalytic reactions directly to generate alkyl-substituted 
α-ketoamino esters in good yield and enantioselectivity (Scheme 1.24).  
Ar
OMe
N
O
5 mol %
2.0 equiv Et2Zn, Toluene, -15 oC, 4-56 h
OH
N
H
H
N
NHn-Bu
O
O
MeO
20 mol % Zr(Oi-Pr)4.HOi-Pr
MeO
Ar
OMe
O
NHEt
OMe
Ar
OMe
NH
O
OMe
H
Ar
OMe
NEt
O
OMe
Scheme 1.23. Zr-Catalyzed AA of Aryl-Substituted α-Ketoimine Esters with Et2Zn.
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Et NH
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Et NH
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OMe
Et NH
OMe
O
MeO
OMe
Et NH
OMe
O
F3C
48% yield, 93% ee
a:b:c = 50:25:25
1.23
a
b c
66% yield, 95% ee
a:b:c = 68:16:16
nd, nd
a:b:c = 4:48:48
74% yield, 91% ee
a:b:c = 75:12.5:12.5
52% yield, 96% ee
a:b:c = 56:22:22
Me Me
Ph
+
                                                        
29 Palacios, F.; Vicario, J.; Aparicio, D. J. Org. Chem. 2006, 71, 7690-7696. 
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MeO
H2N
6N HCl, 1.5 equiv NaNO2,
0 oC, 30 min;
aq. NaN3, 0 oC, 1 h
MeO
N3
>98% yield
1.0 equiv PMe3,
CH2Cl2, 0 oC, 30 min;
Me
OMe
O
O
1.0 equiv
0 oC, 30 min
Me
OMe
N
O
MeO
86% yield
Scheme 1.24. Representative Synthesis of an α-Ketoimine Ester with Aza-Wittig Reaction; Zr-Catalyzed 
Asymmetric Alkylation of Alkyl-Substituted α-Ketoimine Ester.
alkyl
N 10 mol %
4.0 equiv Me2Zn, toluene, 4-22 oC, 24-120 h
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OH
N
H
H
N
NHn-Bu
i-Pr
O Bn
O
t-Bu
OMe
10 mol % Zr(Oi-Pr)4.HOi-Pr
Me NH
OMe
t-Bu
O
OMe
O
OMe
generated in situ
1.24
Me NH
OMe
O
OMe
Me NH
OMe
O
OMe
Me NH
OMe
O
OMe
85% yield, 93% ee 52% yield, 86% ee 56% yield, 86% ee
Me NH
OMe
O
OMe
58% yield, 83% ee
Me NH
OMe
O
OMe
74% yield, 87% ee
Some interesting functionalizations of α-quaternary amino esters obtained through Zr-catalyzed 
asymmetric alkylation has been demonstrated as well (Scheme 1.25). For example, the ester group can 
be reduced to afford the α-quaternary amino aldehyde by DIBAL-H at low temperature; conversion to 
allylamine can be performed according to Horner-Emmons reaction’s procedure. Aziridines bearing an 
N-substituted quaternary carbon stereogenic center can be synthesized through a two-step 
manipulation. Alkylation of α-ketoimine ester bearing ester group followed by the concomitant 
reaction of the resulting metal amide with the neighboring carboxylic ester leads to five-membered 
ring lactam. Eight-membered azacene can be prepared by catalytic ring closing metathesis in good 
overall yield. 
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The o-anisidyl groups used as a 
protecting group offers an important 
advantage: the electron-donating nature 
of the o-anisidyl group helps to stabilize 
the C=N bond, allowing alkyl- as well as 
aryl-substituted aldimines and 
ketoimines to be easily prepared and 
used in catalytic transformations. The 
removal of o-anisidyl group requires 
oxidative procedure. Some 
representative examples are shown in 
Scheme 1.26. All the deprotection 
reaction proceeded with moderate to 
good yield and without any detectable 
loss of enantiopurity.  
O
OMe
Me NH
OMe
(94% ee)
2.0 equiv LiAlH4
THF, 0-22 oC, 4 h
OH
Me NH
OMe
>98 % yield
1, 1.5 equiv MsCl,
2.0 equiv Et3N, CH2Cl2,
0-22 oC, 3 h
2, 3.0 equiv K2CO3
DMF, 22 oC, 12 h
74% overall yield (94% ee)
NMe OMe
O
OMe
Me NH
OMe
(94% ee)
2.0 equiv DIBAL-H
toluene, -78 oC, 1 h
O
H
Me NH
OMe
>98 % yield
1.15 equiv
EtO2CCH2PO(OEt)2
2.0 equiv NaH, THF,
22 oC, 12 h
Me NH
OMe
OEt
O
87% yield (94% ee)
Scheme 1.25. Functionalizations of α-Quaternary Amino Esters
Obtained Through Zr-Catalyzed Asymmetric Alkylation.
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2, CH2Cl2, 40 oC, 5 h
N
MeO
CO2Me
Me
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(86% ee)
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10 mol % 1.24
10 mol % Zr(Oi-Pr)4.HOi-Pr
4.0 equiv Me2Zn
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OMe
O
OMe
generated in situ
MeO
O
N
O
MeO
CO2Me
Me
63% overall yield
 79% ee
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The mechanistic 
working models for 
Zr-catalyzed enantioselective 
alkylation to different 
substrates are similar. In 
Figure 1.4, the o-anisidyl 
unit on α-ketoimine ester 
provides two-point binding 
with the transition metal. The 
AA2 moiety on peptide 
ligand resulted in a 
conformationally restricted 
backbone that allows effective association of the C-terminus amide with the alkylzinc reagent. 
Electron donation by association of the Lewis basic amide with the dialkylzinc reagent likely results in 
redistribution of electron density such that it leads to enhancement of the Zn center Lewis acidity and 
increased alkylmetal nucleophilicity. It is also plausible that the amine group on chiral ligand allows 
for the formation of a Zr-N bond, stabilizing a Lewis acidic cationic metal center, and resulting in a 
more favorable complex caused by the dissociation 
of a sterically demanding isopropoxide ligand. 
Coordination of the carboxylic ester unit of the 
α-ketoimine ester with the Zr center may provide 
additional transition-state organization. (For details, 
N
H
Et
OMe
30 mol % AgNO3
7 equiv (NH4)2S2O8
MeCN / H2O, 60 oC
NH2
Et
65% yield, 95% ee
N
H
Me
OMe
Ph
1, 4 equiv PhI(OAc)2
MeOH, 22 oC, 1 h
2, 1 N HCl, 22 oC, 1 h
Ac2O, aq. Na2CO3
NHAc
MePh
65% yield, 88% ee
SiMe3
HN
MeO
0.1 N NaOH
MeOH, MeCN
22 oC, 1 h
HN
MeO
PhI(OAc)2
HCl, Ac2O NHAc
87% yield, 90% ee 71% yield, 90% ee
Scheme 1.26. Removal of the o-Anisidyl Group.
90% ee
88% ee
95% ee
OMe
4 equiv PhI(OAc)2
MeOH:CH2Cl2 (8:5), 22 oC, 24 h
1 N HCl, 22 oC, 2 h
aq. Na2CO3, pH = 10, CH2Cl2Ph
O
Me NH
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OMe
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O
Me NH2
90% yield, 86% ee86% ee
please refer to Chapter 2) 
N N
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+
G
O PhH
NHBu
O
N
MeO
R
OO
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Me
Me
AA1
AA2
i-PrO
Figure 1.4. Proposed Model for Zr-Catalyzed AA Reactions.
R = aryl or alkyl
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β-Amino carbonyl compounds, because of their broad utility in bio-significant molecule 
synthesis, have attracted the interest of organic chemists to their preparation, especially in asymmetric 
manner. In 2004, Dr. Josephsohn reported a general Ag-catalyzed asymmetric method for additions of 
silyl enol ethers to aryl, alkyl, alkenyl and alkynyl imines.30 A mono-amino acid based peptide ligand 
in combination with AgOAc was discovered to promote catalytic Mannich type transformation 
efficiently and in high optical purity (Scheme 1.27). To achieve high conversion, 1 equiv of protic 
additive (i-PrOH) is necessary. Similar to the asymmetric alkylation chemistry, the corresponding 
reactions involving aliphatic aldimines can be carried out through a three-component process that 
affords the desired amines; the released water during the formation of aliphatic imines obviates the 
need of i-PrOH. The utility of this Ag-catalyzed enantioselective Mannich reaction was depicted in the 
R
N
MeO
R1
OTMS
+
R1 = Ph or Me
N
H
N
PPh2
Me Et
O
OMe
1-5 mol %
1.25
1-5 mol % AgOAc, 1 equiv i-PrOH
undistilled THF or toluene, 16 h, in air R R1
ONH
OMe
Scheme 1.27. Ag-Catalyzed Enantioselective Mannich Reactions of Silyl Ethers with Imines.
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30 Josephsohn, N. S.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 3734-3735. 
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brief total synthesis of optically pure (-)-sedamine (Scheme 1.28).  
The first expansion of 
this freshly developed 
Ag-catalyzed Mannich type 
asymmetric addition was 
published in 2005 for the 
enantioselective preparation 
of β-alkynyl-β-amino 
esters. 31 The readily 
available iso-leucine-based 
phosphine ligand is used to 
promote Ag-catalyzed Mannich reactions between silylketene acetals and various alkynyl imines. 
Reactions can be promoted in the presence of 5 mol % catalyst, without the need for rigorous 
exclusion of air, and with commercially available solvents (without purification) to afford the desired 
β-alkynyl-β-amino esters in 84-94% ee and 61-91% isolated yield (Scheme 1.29). Our study also 
indicated that other ester derivatives (e.g., tert-butyl esters) undergo efficient addition but in lower 
enantioselectivity; catalytic reaction involving tert-butyl(dimethyl)silylketene acetals lead to 
significantly lower enantioselectivity too. 
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CHO
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(16 : 1)
2, aq. CH2O, MeCN,
NaCNBH3, HOAc, 22 oC
NMe
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89% yield
(40% overall)
Scheme. 1.28. Enantioselective Synthesis of Sedamine.
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OMe
Me Et
O
1.251-5 mol %
5 mol % AgOAc, 1.1 equiv i-PrOH
undistilled THF, -60 oC
16 h, in air
OPh
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Scheme 1.29. Ag-Catalyzed Enantioselective Mannich Reactions of Silylketene Acetals and
Alkynyl Imines.
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31 Josephsohn, N. S.; Carswell, E. L.; Snapper, M. L.; Hoveyda, A. H. Org. Lett. 2005, 7, 2711-2713. 
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After this, Dr. Carswell successfully developed a catalytic asymmetric vinylogous Mannich 
(AVM) process to prepare synthetically versatile, enantiomerically enriched products bearing two 
stereogenic centers appended to a γ-butenolide. 32  It is the first reported highly diastereo- and 
enantioselective protocol for catalytic AVM reactions. Without the chirality presented in substrates, all 
Ag-catalyzed transformations proceed in >98% de, in 79 to >98% ee and 60 to 98% isolated yield. We 
found that additions involving siloxyfuran bearing substituents at different positions require different 
optimal mono-amino acid based ligands. As shown in Scheme 1.30, chiral phosphine ligands 1.25 and 
1.26 are optimal ligands for the AVM reactions involving nonsubstituted and 4-Me-substituted 
siloxyfurans. For AVM reactions with 3-Me-substituted siloxyfuran, chiral phosphine ligands 1.25 and 
1.26 resulted in low conversion and enantioselectivities. Another chiral phosphine ligand 1.27 was 
Aryl
N
MeO
+
O OTMS
1-5 mol % AgOAc
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O
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Scheme 1.30. Ag-Catalyzed AVM Reactions with Siloxyfuran.
                                                        
32 Carswell, E. L.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2006, 45, 7230–7233. 
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identified to catalyze the AVM reactions with 3-Me-substituted siloxyfuran efficiently with both high 
diastereo- and enantioselectivity. What needs to be noted here is that, ligand 1.27 is ineffective for 
reactions of nonsubstituted and 4-Me-substituted siloxyfurans (conversion is still good, but resulted in 
<5% ee); reactions involving nonsubstituted and 4-Me-substituted siloxyfurans proceed with exclusive 
anti diastereoselectivity, while reactions for 3-Me-substituted afford to syn diastereomer with >98% 
de. 
A new N-activating group was discovered during the study of vinylogous Mannich reactions of 
alkyl-substituted aldimines.33 Higher efficiency and stereoselectivity is achieved through the use of 
o-thiomethyl-p-methoxy aniline-derived aldimines than the corresponding o-anisidyl substrates. As 
shown in Scheme 1.31, 
catalytic reactions 
involving the previously 
used substrate bearing 
o-anisidine N-aryl group, 
afford products with 90% 
de and 88% ee, but only in 
44% yield. Examination of 
the 400 MHz 1H NMR 
spectrum of the unpurified 
mixture indicates the 
presence of a substantial 
amount of byproducts, 
illustrating the relative 
instability of the in 
situ-generated imine. Introduction of a methoxy group at para position resulted in a more efficient 
imine formation and led to a higher isolated yield. To obtain a more effective association between the 
“softer” chelating heteroatom with the late transition metal Ag, and improve the degree of organization 
CHO
H2N G
O OTMS
5 mol % AgOAc, 2.0 equiv MgSO4
1.1 equiv i-PrOH, -78 oC,
undistilled THF, 20 h, air
5 mol %
N
H
N
t-Bu
PPh2
O
OMe
1.26 HN
G
O
O
entry N-aryl group conv (%)a yield (%)b dea ee (%)c
H2N
MeO
H2N
MeO OMe
H2N
MeS OMe
H2N
MeS
1
2
3
4
>98
>98
>98
>98
44
81
58
90
90
92
>98
>98
88
88
97
>98
a By 400 MHz 1H NMR analysis (based on disappearance of cyclohexylcarboxaldehyde). 
b Isolated yield after silica gel chromatography. 
c By chiral HPLC in comparison with authentic material.
Scheme 1.31. Examination of Various N-Aryl Groups in Three-Component
Enantioselective AVM Reaction Involving an Aliphatic Aldehyde.
+
                                                        
33 Mandai, H.; Mandai, K.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 17961-17969. 
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of transition state and enantiodifferentiation, S-containing N-activating groups were tested in the 
preliminary study. Higher selectivity and efficiency were observed. Various alkyl-substituted 
aldimines derived from corresponding alkyl aldehydes, such as α-branched, β-branched, n-alkyl as 
well as heteroatom-containing aldehydes were explored in this Ag-catalyzed vinylogous Mannich type 
reaction. Enantioselective vinylogous Mannich reaction involving nonsubstituted and 
4-Me-substituted siloxyfurans were promoted in the presence of chiral amino acid ligand 1.26. All 
reactions proceeded to >98% conversion and afforded a single diastereomer with >98% ee (Scheme 
1.32). Similar to the case for asymmetric Mannich reaction to aryl-substituted imines, the degree and 
sense of enantiodifferentiation depends on the identity of the Si-based nucleophile. Reactions 
involving 3-Me-substituted siloxyfurans can be catalyzed by ligand 1.27 and AgOAc, and affords syn 
diastereomer exclusively (Scheme 1.33).  
O OTMS
5 mol % AgOAc, 2.0 equiv MgSO4
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Scheme 1.32. Ag-Catalyzed Three-Component Enantioselective AVM Reactions of Alkyl-Substituted Aldimines.
>98% ee
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o-Thiomethyl-p-methoxy aniline can also be used efficiently in enantioselective 
three-component aza-Diels-Alder reactions with a range of alkyl-substituted aldehydes; examples are 
presented in Scheme 1.34. The role of ortho-thiomethyl-para-methoxyaniline protecting group is the 
same as what we discussed above. ortho-Thiomethyl can provide more organized chelation between 
the substrate and Lewis acid center Ag, and subsequently improved enantiodifferentiation; while the 
para-methoxy favors the fast in situ formation of alkyl-substituted aldimine by increasing the 
nucleophil
Scheme 1.33. Ag-Catalyzed Three-Component Enantioselective AVM Reactions of Alkyl-Substituted A
5 mol % AgOAc, 2.0 equiv MgSO4
1.1 equiv i-PrOH, -78 oC,
undistilled THF, 20 h, air
5 mol %
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O
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MeS OMe
H2N
O
O
HN
MeS OMe
O
O OTMS
1.27
91% yield, >98% de
ldimines.
Me
Me Ot-Bu
Me
75% ee
icity of the aniline.  
                                                       
5 mol % AgOAc, 2.0 equiv MgSO4
1.1 equiv i-PrOH, 0 oC,
undistilled THF, 20 h, air
5 mol %
N
H
N
t-Bu
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O
OMe
2.0 equiv
MeS OMe
H2N
alkyl O
1.26
Scheme 1.34. Ag-Catalyzed Asymmetric Aza-Diels-Alder Reactions of
Alkyl-Substituted Aldimines with Danishefsky Diene.
OMe
OTMS N
SMeMeO
Oalkyl
N
SMeMeO
O
88% yield, 
MeO
Meanwhile, a study of Ag-catalyzed diastereo- and enantioselective vinylogous Mannich 
reactions toward ketoimine was carried out. Dr. Wieland and Erica Vieira demonstrated the first 
asymmetric vinylogous Mannich reaction to α-ketoimine esters.34 Ketoimines, however, are relatively 
less reactive than corresponding aldimines; to increase the electrophilicity of the ketoimine, a nitro 
group is installed para to the imine. This electronically modification is crucial for conversion of the 
 
34 Wieland, L. C.; Vieira, E. M.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 570-576. 
92% ee
N
SMe MeO
O
88% yield, 93% ee
N
SMe
OMeO2C
53% yield, 90% ee
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asymmetric vinylogous Mannich reactions. The catalytic asymmetric reaction generates products 
carrying an N-substituted quaternary carbon adjacent to a tertiary carbon center in both a diastereo- 
and enantioselective fashion 
(Scheme 1.35).  
Aryl
OMe
N
O
MeO NO2
O OTMS
+
N
H
N
PPh2
t-Bu
O
OMe10 mol %
1.26
11 mol % AgOAc, 1 equiv i-PrOH
THF, -78 oC, 15 h; HOAc in MeOH
Aryl
NHMeO2C
OMe
O2N
O
O
Aryl
NHMeO2C
OMe
O2N
O
O
+
anti syn
NHMeO2C
OMe
O2N
O
O
88% yield, anti : syn = 95 : 5
92% ee for anti
NHMeO2C
OMe
O2N
O
O
95% yield, anti : syn = 95 : 5
93% ee for anti
MeO
NHMeO2C
OMe
O2N
O
O
87% yield, anti : syn = 95 : 5
94% ee for anti
F3C
NHMeO2C
OMe
O2N
O
O
60% yield, anti : syn = 67 : 33
80% ee for anti
O
NHMeO2C
OMe
O2N
O
O
70% yield, anti : syn = 94 : 6
92% ee for anti
S
Scheme 1.35. Ag-Catalyzed AVM of Aryl-Substituted α-Ketoimine Esters.
Various N-aryl activating 
groups that possess different 
electron density have been 
utilized in the Mannich and 
vinylogous Mannich reactions. 
The methods for removal of the 
N-aryl unit are dependent on the 
functionality present. Some 
representative examples are 
shown in Scheme 1.36. In 
general, all of these N-aryl units 
HN
MeS OMe
O
O
2.4 equiv CAN
4:1 MeCN:H2O, 0 oC, 10 min
1 N aq. HCl, 22 oC, 1 h
1 N aq. NaOH (pH = 10)
NH2
O
O
Scheme 1.36. Removal of the N-Aryl Unit.
84% yield, >98% ee
O
O
NHMeO2C SnCl2
EtOH, 65 oC, 20 h
O
O
NHMeO2C
PhI(OAc)2, MeCN, 30 min
1 M H2SO4; Na2CO3
O
O
NH2MeO2C
91% ee
81% overall yield, 91% ee
>98% ee
Ph
NH
OMe
Cl
O
96% ee
PhI(OAc)2, MeOH, HOAc (1 h)
10% aq. HCl (0.5 h)
15% Na2S2O3 (0.5 h), Boc2O
CH2Cl2, Na2CO3 (12 h)
(all operations in one vessel at 22 oC)
Ph
BocHN
Cl
O
79% yield, 96% ee
OMe
NO2
OMe
NH2
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can be removed easily and efficiently.  
The mechanistic working models for these asymmetric Mannich-type reactions are similar; one 
representative example is shown in Figure 1.5. The Lewis acidic Ag may associate with the imine 
substrate through bidentate chelation. Different components, including substrate, nucleophile and 
catalyst, prefer an organized transition state, which can minimize the steric interactions. 
Intramolecular desilylation is promoted by the Lewis basic amide terminus of the chiral ligand. 
Product release is facilitated by i-PrOH through desilylation of the amide terminus and protonation of 
the N-Ag bond. The 
ortho-thiomethyl-para-me
thoxyaniline protecting 
group was also designed 
based on this assumption, 
and therefore can be used 
as support for this 
proposed working model. 
The study of amino 
acid-based ligands 
combined with AgOAc to catalyze the enantioselective Mannich reactions with other types of 
nucleophiles is a subject of interest. (for details, please refer to the Chapter 3)  
Figure 1.5. One Proposed Working Model.
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Asymmetric Conjugate Addition 
     The first report about the effectiveness of a peptidic ligand in catalytic enantioselective 
conjugated addition to cyclic enones was published in 2001.35 Transformations were promoted by 
(CuOTf)2•C6H6 in conjunction with peptide based chiral phosphine ligand 1.28 (Scheme 1.37). The 
method described allows for the efficient, catalytic, and highly enantioselective functionalization of 
not only six- and seven-membered ring enones, but also cyclopentenones. The successful development 
of asymmetric conjugated addition of alkylmetals to five-membered ring enones is worth noting, since 
previous reports have shown that conjugate addition to five-membered ring enones were significantly 
less efficient and selective than reactions of larger rings analogues. In addition, various alkylzinc 
reagents, including alkylzinc reagent bearing function groups, can be applied in this methodology. The 
enantioselectivity of additions involving (i-Pr)2Zn can be further improved by using new ligands 1.29 
and 1.30 obtained 
through positional 
screening optimization. 
At last, the utility of this 
asymmetric conjugate 
addition methodology 
was demonstrated in a 
four-step 
enantioselective 
synthesis of anti-cancer 
agent clavularin B by 
using the Zn-enolate 
intermediate generated 
in situ during the 
catalytic addition 
(Scheme 1.38).  
Scheme 1.37. Cu-Catalyzed Asymmetric Conjugated Addition of Alkylzinc Reagents to Cyclic
substituted Enones.Di
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Me Me
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O
                                                        
35 Degrado, S. J.; Mizutani, H.; Hoveyda, A. H. J. Am. Chem. Soc. 2001, 123, 755-756. 
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Asymmetric conjugated addition has drawn the attention of organic chemists over the past 
several decades. Though 
considerable amount of research 
has been published on conjugated 
additions of alkylmetals to 
α,β-unsaturated carbonyls, addition 
to trisubstituted enones is still 
scarce. In 2002, the Hoveyda group 
reported the first efficient and 
highly selective Cu-catalyzed 
asymmetric conjugated addition to 
sterically hidered trisubstituted enones.36 Peptide ligand 1.31 bearing only one inexpensive Val was 
identified to be an optimal ligand in promoting this Cu-catalyzed asymmetric conjugated addition 
O N
H
N
O
Me Me
PPh2
NHn-Bu
Ph
O
1.28
2.4 mol %
1.0 mol % (CuOTf)2.C6H6
3 equiv Me2Zn, -30 oC
10 equiv 4-iodo-1-butene
10 equiv HMPA, 0 oC
O
Me
80% yield, >15:1, 97% ee
1, TMSOTf, Et3N
CH2Cl2, -78 oC
2, 50 mol % Pd(OAc)2
Cu(OAc)2, MeCN, 22 oC
O
Me
61% yield
20 mol % PdCl2
CuCl2, DMF, H2O, 50 oC
O
Me
Me
85% yield
O
clavularin B
Scheme 1.38. Enantioselective Synthesis of Clavularin B.
Scheme 1.39. Cu-Catalyzed Asymmetric Conjugated Addition of Alkylzinc Reagents to Cyclic 
Trisubstituted Enones.
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O
                                                        
36 Degrado, S. J.; Mizutani, H.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 13362-13363. 
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(Scheme 1.39). Five-membered ring and seven-membered ring substrates can be used in the catalytic 
reactions and the corresponding cyclic products are delivered with both high efficiency and 
stereoselectivity. The diastereoselectivity for all cyclopentenyl products can be improved by treatment 
with DBU or Et3N. In addition, di-peptide ligand 1.30 was discovered to be more efficient than ligand 
1.31 in catalyzing the transformations involving five-membered ring enone appended on an aromatic 
group. Six-membered ring trisubstituted enones are inert to this Cu-catalyzed asymmetric conjugated 
addition. 
In 2005, Dr. Hird 
disclosed the first practical 
method for asymmetric 
conjugated addition of 
dialkylzinc reagents to 
tetrasubstituted cyclic enones 
that afford quaternary all 
carbon stereogenic centers in 
up to 95% ee. 37  Reactions 
proceed to >98% conversion 
with 2 mol % of air stable 
CuCN and a new type of 
peptide ligand carrying an 
anthranilic acid-based 
N-terminus. The process for 
the discovery of the final 
ligand is a great example for 
the application of combinatorial strategy to identify an acceptable catalyst (Scheme 1.40). Systematic 
alteration of each structural unit of the chiral ligand including the N-terminus, two amino acids 
moieties, and the C-terminus was carried out. With an effective chiral catalyst in hand, the scope of the 
N
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H
N
O
OH
10 mol %
10 mol % CuCN
3 equiv Et2Zn
toluene, 0 oC, N2, 24 h
Scheme 1.40. Catalyst Optimization for Cu-Catalyzed Asymmetric Conjugated Addition
through Positional Scanning.
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37 Hird, A. W.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 14988-14989. 
N
H
H
N
O
OH
NMe2
OO
>98% conv
-85% ee
NH
i-Pr
1.32
i-Pr
 34
catalytic protocol was tested; six- and 
five-membered ring substrates and a 
range of dialkylzinc reagents were 
used in the examination. The results 
are summarized in Scheme 1.41. One 
observation worth noting is that all 
transformations were performed in 
undistilled toluene. When purified 
solvent (passed through Cu and 
alumina column) was used, 
significantly lower 
enantioselectivities were observed. 
N
H
H
N
O
NHMe
2-5 mol %
2-5 mol % CuCN
1.5-3 equiv Et2Zn
undistilled toluene, -15 to 0 oC, N2, 11 to 43 h
Scheme 1.41. Cu-Catalyzed Asymmetric Conjugated Addition 
of Dialkylzincs to Tetrasubstituted Enones.
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In 2005, Drs. 
Brown and Degrado 
successfully 
expanded the 
Cu-catalyzed 
asymmetric 
conjugated addition 
to unsaturated 
furanones and 
pyranones. 38  To the 
best of our 
knowledge, it is the 
first effective and 
general protocol for catalytic asymmetric conjugated addition of dialkylzinc reagents to unsaturated 
furanones and pyranones of varying steric and electronic properties. As shown in Scheme 1.42, 
                                                        
38 Brown, M. K.; Degrado, S. J.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2005, 44, 5306–5310. 
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Scheme 1.42. Cu-Catalyzed Asymmetric Conjugated Addition
of Alkylzinc Reagents to Unsaturated Lactones.
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enantioselective additions to small and medium ring unsaturated lactones proceed in the presence of 
optically pure phosphine containing peptidic ligands 1.28, 1.30 and 1.31 to afford the desired products 
in up to >98% ee. To obtain high yield, reactions must be carried out in the presence of an aldehyde, 
which is used to trap the in situ generated enolates. Because the neighboring Lewis basic oxygen atom 
can direct the enantioselective addition of an alkylcopper complex to the electronically activated 
carbonyl, the enantioselectivity dimished when we carried out the asymmetric conjugated addition 
with pyranone. Accordingly, we examined the 
effect of coordinating solvents to disrupt the 
purported O→Cu chelation. When the 
transformation was promoted in THF, the 
enantioselectivity increased up to >98% ee 
(Scheme 1.43). Chiral phosphanes 1.28 and 
1.30 are also effective with the least 
electrophilic class of asymmetric conjugate 
addition substrates: corresponding products are formed efficiently with up to >98% ee. As was the 
case with transformations involving unsaturated lactones, the presence of an aldehyde trap is required; 
the difference is that the products of the three-component asymmetric process are generated in high 
diastereoselectivity (Scheme 1.44). 
In addition, we have been able to 
prepare the complexes derived 
from reaction of phosphane 1.28 
with CuI and CuCl. These chiral 
Cu complexes are still able to 
promote catalytic asymmetric 
conjugated addition with the same 
or higher levels of 
enantioselectivity.  
N
H
N
O
Me Me
PPh2
5 mol %
2 mol % (CuOTf)2.C6H6
(alkyl)2Zn, solvent
-30 oC, N2, 3 h
Scheme 1.43. Cu-Catalyzed Asymmetric Conjugated Addition
of Alkylzinc Reagents to Unsaturated pyranone.
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Scheme 1.44. Cu-Catalyzed Asymmetric Conjugated Addition.
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Cu-catalyzed asymmetric conjugate addition can also be applied to nitroalkenes. In 2002, Dr. 
Luchaco-Cullis disclosed a study for the catalytic asymmetric addition of alkylzincs to small-, 
medium-, and large-ring nitroolefins. 39  For five- and six-membered nitroalkenes, anti and syn 
diastereomers are obtained, respectively. By treatment with 1 equiv DBU, six-membered syn chiral 
nitroalkanes can be delivered to 
corresponding anti chiral nitroalkanes 
efficiently without lowering the 
enantiomeric excess (Scheme 1.45). 
Medium-ring and macrocyclic 
nitroalkenes can also be used in the 
Cu-catalyzed asymmetric conjugate 
addition. After acidic work up, reactions 
lead to exclusive formation of ketone 
                                                        
39 Luchaco-Cullis, C. A.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 8192-8193. 
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Scheme 1.45. Asymmetric Conjugate Additions of Alkylzincs to Nitroalkene.
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Scheme 1.46. Catalytic Enantioselective Synthesis of Cyclic Ketones.
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product. Six-membered ring conjugate addition products, in the presence of 20% aqueous solution of 
H2SO4, also underwent a Nef reaction and afforded ketone products (Scheme 1.46).  
The first example 
of Cu-catalyzed 
asymmetric conjugate 
additions of alkylzinc 
reagents to acyclic 
enones in presence of 
peptide ligand came out 
in 2002.40  Ligand 1.30, 
which has been used as 
an effective ligand for 
Cu-catalyzed conjugate additions of alkylzinc reagents to cyclic enones, was also shown to be 
effective in promoting conjugate additions of alkylzinc reagents toward acyclic enones (Scheme 1.47). 
Substrates bearing different functional groups and steric substituents can all be promoted by peptide 
ligand 1.30 combined with Cu(OTf)2•C6H6 in the transformations and afford corresponding addition 
products with high efficiency 
and enantioselectivity. One 
interesting application of this 
methodology is shown in 
Scheme 1.48, Cu-catalyzed 
asymmetric conjugate addition 
and Ru-catalyzed olefin 
metathesis, which is another 
methodology studied 
extensively in our research 
N
H
N
O
t-Bu
PPh2
NHn-Bu
O
Ot-Bu
1.30
2.4-5 mol %
1 mol % (CuOTf)2.C6H6
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Scheme 1.47. Cu-Catalyzed Enantioselective Conjugate Addition of Et2Zn to Acyclic Enones.
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laboratory, were used in tandem. Reactions between various tosylates with methylvinyl ketone provide 
requisite substrates for Cu-catalyzed asymmetric conjugate addition; the purported Zn-enolate 
intermediate can then undergo through intramolecular enolate alkylation and afford the corresponding 
five- and six-membered ring products. Attempts to prepare seven-membered ring product failed; 
reacti
conjugate ad
er
                                                       
ons stop after the 
conjugate addition step.  
Dr. Hird disclosed 
the development of 
catalytic asymmetric 
dition of 
alkylzinc reagents to 
unsaturated 
N-acyloxazolidinones in 
2003.41 After a systematic 
positional screen, a 
D,L-dipeptide phosphane 
amide ligand 1.34 was 
det mined to be the 
optimal ligand. Treatment of 
N-acyloxazolidinones substrate 
with 1.0 mol % Cu(OTf)2•C6H6, 
2.4 mol % phosphane amide 
ligand 1.34 and various 
dialkylzinc reagents lead to 
formation of the corresponding 
products with both high 
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Scheme 1.49. Cu-Catalyzed Asymmetric Conjugate Addition of
Alkylzinc Reagents to Unsaturated Oxazolidinones.
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41 Hird, A. W.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2003, 42, 1276–1279. 
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efficiency and enantioselectivity (Scheme 1.49). In transformations involving the less reactive ZnMe2, 
superior efficiency is observed when ligand 1.35 is used as the chiral ligand instead of ligand 1.34. 
Because of the solubility problem, N-acyloxazolidinone substrate bearing a phenyl substituent is inert 
to Cu-catalyzed asymmetric conjugate addition. The derived dimethyloxazolidinone can, however, be 
converted, albeit slowly, into conjugated addition product in 91% yield and 86% ee. Because of the 
existence of synthetically 
useful N-acyloxazolidinones 
group, the conjugate addition 
products can be functionalized 
to a variety of derived 
molecules, such as ketone, 
Weinreb amide and carboxylic 
acid by standard operation 
meth
o
                                                       
ods as described in the 
report.  
In 2007, the Hoveyda group reported a Cu-catalyzed method for asymmetric conjugate addition 
f dialkyl- and diarylzinc reagents to β-silyl-substituted α,β-unsaturated enones.42 Moderate to good 
isolated yields (59-95% yield) and high enantiomeric purity (87-96% ee) were obtained in the catalytic 
transformations. To best of our knowledge, this is the first example of efficient catalytic asymmetric 
conjugate addition of diarylzinc reagents to acyclic enones. As shown in Scheme 1.50, with 2.5 mol % 
of chiral phosphine ligand 1.31, 1.0 mol % of Cu(OTf)2•C6H6 and 3 equiv of dialkylzinc reagents, 
β-silylketone products are obtained with high efficiency and good enantioselectivity. Next, the 
possibility of using diarylzinc reagents in Cu-catalyzed asymmetric conjugate addition was explored. 
To minimize the background addition, which generates racemic products, coordinating solvents were 
tested. The Hoveyda team surmised that, under such conditions, carbonyl activation by the Lewis 
acidic Zn salts that favors uncatalyzed conjugate addition would be avoided. This assumption proved 
to be helpful and DME was identified as the optimal medium (Scheme 1.51). Diarylzinc reagents 
N
NHn-Bu
O
i-Pr
PPh2 1.31
2.5 mol %
1 mol % (CuOTf)2.C6H6
1.5 equiv (aryl)2Zn
DME, 0 oC, 6-48 h
81% yield, 92% ee
Scheme 1.51. Cu-Catalyzed Asymmetric Conjugate Addition of Diarylzinc Reagents to
Acyclic β-Silyl-α,β-Unsaturated Enones.
R3Si Me
O
R3Si Me
Oaryl H
Me3Si Me
OPh H
79% yield, 94% ee
PhMe2Si Me
OPh H
82% yield, 87% ee
PhMe2Si Me
OH
MeO
66% yield, 87% ee
PhMe2Si Me
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owning different electronic attributes were used in the study of Cu-catalyzed asymmetric conjugate 
additions. Some interesting functionalizations have been carried out with the synthetically useful 
chiral enolates that can be synthesized by subjecting the mixture of catalytic reaction to 4.5 equiv of 
Tf2O (Scheme 1.52). Using the chiral enolate in Pd-catalyzed Suzuki coupling reactions lead to 
formation of allylsilane, in moderate yield and as a single olefin isomer (>20:1). Thus, only the E enol 
triflate undergoes catalytic cross coupling (unreacted enol triflate Z isomer was detected in the 400 
MHz 1H NMR of the unpurified mixture). The generated allylsilane undergoes diastereoselective 
epoxidation and fluoride-mediated desilylation/epoxide cleavage affording the tertiary allylic alcohol 
in 97% overall yield and 96% ee. Enantiomerically enriched enol triflate can also be stereoselectively 
alkylated with a cuprate reagent and delivered to allylsilane in good isolated yield with >20:1 E:Z 
N
NHn-Bu
O
i-Pr
PPh2 1.31
2.5 mol %
1 mol % (CuOTf)2.C6H6
3.0 equiv Et2Zn, toluene, 22 oC,1 h
4.5 equiv Tf2O, 22 oC, 12 h
Scheme 1.52. Functionalizations of Asymmetric Conjugate Addition Product.
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MeEt H
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NaHCO3, 0 oC, 2 h
2, 3 equiv (n-Bu)4NF, THF
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Et Ph
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96% ee
PhMe2Si OTf
MeEt H
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80% yield, >20:1 E:Z
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ClO2S
N C O
toluene, 22 oC, 5 h
2, NaHCO3, Na2CO3
THF, 50 oC, 1 h
N
H
OEt
PhMe2Si Me
n-Bu
70% overall yield
>98% de, 95% ee
1.5 equiv TiCl4
1.5 equiv PhCHO
CH2Cl2, -50 oC, 5 h
Et
Ph
Me n-Bu
OH
76% yield, 80% de, 95% ee
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selectivity. An all-carbon quaternary stereogenic center containing five-membered ring lactam can be 
obtained by reacting allylsilane with chlorosulfonyl isocyanate; the transformation proceeds with high 
efficiency and both good diastereo and enantioselectivity. The Lewis acid TiCl4 catalyzed addition of 
allylsilane to benzaldehyde furnishes a secondary alcohol containing an allylic quaternary stereogenic 
center in 76% yield and 80% de (95% ee).  
                                                       
 Several critical aspects of the Cu-catalyzed asymmetric conjugate addition of alkylzincs to 
acyclic α,β-unsaturated ketones have been demonstrated through the enantioselective total synthesis 
of erogorgiaene, an inhibitor of mycobacterium tuberculosis (Scheme 1.53).43 At beginning of the 
total synthesis, the enone substrate a, which can be prepared by Heck coupling reaction of methyl 
vinyl ketone with commercially available dihalide, was subjected to 2.4 mol % chiral phosphine 1.30 
and 1.0 mol % Cu(OTf)2•C6H6 in the presence of 3 equiv of Me2Zn, on multigram scale, to afford the 
Scheme 1.53. Enantioselective Total Synthesis of Erogorgiaene.
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β-methyl ketone in 94% isolated yield and >98% ee. After a few steps, enyne b can be prepared in 
good overall yield. In the presence of Ru catalyst, enyne metathesis can be carried out to deliver enyne 
b into diene c in 84% yield after silica gel chromatography. Another Ru-catalyzed olefin metathesis 
was carried out in tandem with methyl vinyl ketone and resulted in the formation of α,β-unsaturated 
ketone d in 74% isolated yield and >95:5 E:Z selectivity. Attempts to carry out these two steps in a 
one-pot operation resulted in the formation of desired α,β-unsaturated ketone product but in low yield. 
The Cu-catalyzed asymmetric conjugate addition of alkylzincs to acyclic α,β-unsaturated ketones can 
be used again to install the second methyl group with excellent diastereoselectivity (97:3), and high 
regioselectivity (1,4:1,6 = 9:1) in the presence of chiral phosphine 1.36. A study showed that the 
stereochemical identity of the product may not be affected by stereogenic sites present within the 
substrate, but is largely dictated by the chiral ligand. The total synthesis was completed by a few 
further operations. This total synthesis demonstrated the synthetic significance of amino acid based 
chiral phosphanes in promoting Cu-catalyzed asymmetric conjugate addition.  
Mampreian published her study about catalytic asymmetric conjugate addition of alkylmetals 
toward acyclic nitroalkenes in 2004.44 β,β’-arylalkyl and β,β’-dialkylnitroalkanes can be prepared by 
Cu-catalyzed asymmetric conjugate addition to acyclic nitroalkenes promoted by a readily available 
dipeptide phosphine 
1.37 (Scheme 1.54). 
Both substrates bearing 
aromatic and aliphatic 
substituents can be used 
in this efficient 
methodology. Also, 
alkylzinc reagents other 
than Et2Zn can be 
readily employed. 
R
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2-4 mol %
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1-2 mol % Cu(OTf)2.C6H6
3 equiv (alkyl)2Zn
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R
NO2
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Scheme 1.54. Cu-Catalyzed Enantioselective Conjugate Additions of
Alkylzincs to Acyclic Nitroalkenes.
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44 Mampreian, D. M.; Hoveyda, A. H. Org. Lett. 2004, 6, 2829-2832. 
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One year later, Dr. Wu 
cooperated with Ms. 
Mampreian and finished their 
study on enantioselective 
synthesis of nitroalkanes 
bearing all-carbon quaternary 
stereogenic centers through 
Cu-catalyzed asymmetric 
conjugate addition.45 Ligand 
1.37, previously established 
to be effective in 
Cu-catalyzed asymmetric 
conjugate addition of 
dialkylzinc reagents to 
acyclic disubstituted 
nitroalkenes, was proved to be still 
efficient in promoting asymmetric 
conjugate addition toward trisubstituted 
nitroalkenes. With a small modification 
on the ligand structure, which is aimed 
of reducing the steric hindrance at the 
binding pocket, two new dipeptide 
ligands 1.38 and 1.39 were discovered 
to catalyze the asymmetric conjugate 
addition for some particular substrates 
with higher efficiency and selectivity 
Ar
NO2
N
H
N
NEt2
PPh2
t-Bu
O
O
OBn
4 mol %
1.37
2 mol % Cu(OTf)2.C6H6
3 equiv (alkyl)2Zn
toluene, -78 to 22 oC, 24-72 h
Ar
NO2
Scheme 1.55. Cu-Catalyzed Enantioselective Conjugate Additions of
Alkylzincs to Acyclic Trisubstituted Nitroalkenes.
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Scheme 1.56. Functionalization of Optically Enriched Nitroalkanes.
                                                        
45 Wu, J.; Mamreian, D. M.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 4584-4585. 
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(Scheme 1.55). Nitroalkane products can be functionalized into a range of other synthetically useful 
products. Optically enriched amines can be obtained through corresponding nitroalkanes by 
Pd-catalyzed hydrogenation. Carboxylic acids can also be synthesized under oxidation conditions 
shown in Scheme 1.56.  
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Asymmetric Allylic Alkylation 
     In 2001, the Hoveyda group published an investigation towards the possibility of using peptidic 
ligands to promote enantioselective allylic substitutions.46 A new class of peptide-based chiral ligands 
bearing a pyridinyl residue was discovered to be suitable for late transition metal binding and catalysis. 
Examination of the potential substrates indicated that allylic phosphates are the most suitable starting 
materials. Because CuCN exhibits a preference for the SN2’ mode of addition in the presence of a 
ligand bearing a 
pyridinyl residue, 
this moiety was 
fixed for the ligand 
optimization studies. 
After systematic 
positional screening, 
ligands 1.40, 1.41 
and 1.42 were 
identified to be 
capable of 
promoting 
Cu-catalyzed 
enantioselective 
allylic substitutions 
with good 
efficiency and 
selectivity. Both 
disubstituted and 
trisubstituted olefin 
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Scheme 1.57. Cu-Catalyzed Asymmetric Allylic Substitution of Alkenes
and Total Synthesis of Sporochnol.
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substrates can be converted to corresponding products by the catalytic C-C bond-forming reaction 
with Et2Zn (Scheme 1.57). The utility of this methodology was proved in the enantioselective 
synthesis of sporochnol, a natural fish deterrent. This asymmetric synthesis also demonstrates that this 
newly developed method can be readily expanded to other functionalized organozinc reagents; it is 
another noteworthy feature of this Cu-catalyzed enantioselective allylic substitution methodology.  
                                                       
     One year later, Dr. Murphy reported an efficient Cu-catalyzed enantioselective method for 
allylic alkylations of unsaturated esters bearing a primary γ-phosphate with alkylzincs.47 Reactions 
RO
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O
1.43
0.5-5 mol % (CuOTf)2.C6H6
3 equiv (alkyl)2Zn or 6 equiv Me2Zn
THF, -50 to -30 oC, N2, 12-48 h
Scheme 1.58. Cu-Catalyzed Asymmetric Allylic Substitutions and It's Application in
Total Synthesis of Elenic Acid.
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promoted by phenol-based Schiff base peptide ligand and Cu(OTf)2•C6H6 deliver products in 87-97% 
ee and good regioselectivity. Alkylzinc reagents owning different reactivity and bearing various 
function groups have been tested in the catalytic transformations; desired products were obtained with 
moderate to good isolated yields and both excellent regio- and enantioselectivities (Scheme 1.58). In 
one case, the product has been used directly as a cross metathesis partner in the olefin metathesis step 
in the total synthesis of (R)-elenic-acid.  
     In 2005, Dr. 
Murphy disclosed her 
research project, 
which was aimed at 
expanding the 
substrate scope of 
Cu-catalyzed 
enantioselective 
allylic substitution to trisubstituted olefins.48 Two phenol based ligands 1.46 and 1.47 were discovered 
to be more attractive alternatives to ligand 1.43 in promoting catalytic enantioselective allylic 
stitution. 
Catalytic 
eactions’ product 
α’-disubstituted 
β,γ-unsaturated 
esters are 
provided with 
excellent regio- 
and enantioselectivity in the presence of ligands 1.46 and 1.47 (Scheme 1.59). Again, catalytic 
reactions are not limited to reactive Et2Zn and can be efficiently carried out involving the more 
sterically hindered alkylzinc reagents or those that bear heteroatom substituents. Through screening, it 
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Scheme 1.59. Enantioselective Cu-Catalyzed Asymmetric Allylic Substitutions.
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Scheme 1.60. Enantioselective Cu-Catalyzed Allylic Alkylations of Olefins Bearing a Phenyl Substituent.
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was found that ligand 1.48, 
bearing a different second 
amide group, can promote 
Cu-catalyzed enantioselective 
allylic substitution on the 
corresponding aryl-substituted 
substrates. It is important to 
note that ligand 1.48 is 
significantly less effective in 
Cu-catalyzed enantioselective 
addition to the previously 
discussed methyl-substituted substrates. Moreover, ligands derived from 1.46 and 1.47 carrying benzyl 
amide termini do not lead to improved enantioselection (Scheme 1.60). Such variations in the identity 
of the optimal ligands should not come as a surprise. Change of substrate structure, in which a smaller 
methyl group has been exchanged for a 
larger phenyl unit, may well be expected 
to require an altered chiral pocket for 
effective asymmetric ind
Scheme 1.61. Enantioselective Cu-Catalyzed Allylic Alkylations of Aromatic Phosphates.
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     In 2004, Dr. Kacprzynski, with 
Professor Hoveyda, published a full 
article about Cu-catalyzed asymmetric 
allylic alkylations. 49  In the article, 
previous peptide-based ligand catalyzed 
asymmetric allylic alkylations were 
summarized, and a new method for 
Cu-catalyzed enantioselective alkylations 
 
49 Kacprzynski, M. A.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 10676-10681. 
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Scheme 1.62. Enantioselective Cu-Catalyzed Allylic Alkylations of
Unsaturated Alkyl, Alkenyl and Alkylnyl Allylic Phosphates.
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of allylic phosphates with alkylzinc reagents that is significantly more general and effective than 
previous approaches was reported. A wide range of substrates including aromatic and aliphatic 
phosphates that bear di- or trisubstituted olefins can be effectively alkylated with various alkylzinc 
reagents in the presence of phenol-based dipeptide ligand 1.49. The study was initiated from the 
Cu-catalyzed asymmetric allylic alkylations of aromatic phosphates. It was observed that 
transformations involving trisubstituted allylic phosphates afford products bearing quaternary carbon 
centers with higher regioselectivity (>30:1, SN2’:SN2) than disubstituted allylic phosphates (2:3 to 9:1, 
SN2’:SN2). Enantioselectivities are good for both two classes of substrates (Scheme 1.61). One of the 
more important and unique attributes of this method is that it can be used for alkylations of di- or 
trisubstituted aliphatic phosphates efficiently and with unprecedented enantioselectivity and excellent 
regioselectivity. Less reactive Me2Zn can also be used in the catalytic transformations and affords 
products with both good efficiency and selectivity; this phenomenon stands in stark contrast to the 
significantly lower reactivity of aromatic phosphates (<10% conversion in most cases) (Scheme 1.62).  
 50
     A working model is proposed based on the above results and related mechanistic studies 
regarding other C-C bond forming reactions promoted by peptide chiral ligands (Figure 1.6). 
Complex I, bearing a pseudo-tetrahedral Cu(I), represents the resting state of the chiral complex. 
Upon association of an unsaturated phosphate, complex II is generated. Catalytic alkylations likely 
proceed through formation of alky-Cu(III) intermediates, followed by reductive elimination to afford 
the desired products. The terminal amide carbonyl group on peptide ligand, through chelation with 
Lewis acidic center Zn, increased the Lewis acidity of the Zn. Lewis acidic Zn center binds with 
oxygen atom on phosphate group, and activates the unsaturated C=C for allylic alkylation. So amide 
carbonyl group on AA2 position plays an activating, as well as directing role. The substrate is 
delivered preferably to one face of the ligand•Cu complex by the carbonyl group of the amide 
terminus if it is not sterically encumbered and sufficiently Lewis basic. A highly organized transition 
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Figure 1.6. Proposed Modes for Cu-Catalyzed Allylic Alkylations.
R
H
alkyl
H
I
alkylZn
RL OPO(OEt)2
Rs
N N
O Cu
O H
NHn-Bu
OAA1
AA2
R
H
alkyl
H
II
alkylZn
RL
Rs H
O
P O
EtO OEt
LnZn
61% yield, 95% ee
SN2':SN2 = 90:10
Ph
H Et
63% conversion, 88% ee
SN2':SN2 = 85:15
Ph
H Et
<10% conversion, 11% ee
SN2':SN2 = 82:18
N
H
N
NHn-Bu
O
i-Pr
O
OMe
Ot-Bu
O
N
H
N
NHn-Bu
O
i-Pr
O
OH
 51
structure is formed. The preferred ligand face is predicted on the identity of the minimized peptide 
structure, including the conformational preorganization induced by the stereogenic center at AA2. A 
preorganized peptide structure is critical, as it minimizes the entropic cost associated with a 
macrocyclic transition structure, as shown in I. The presence of an AA1 substituent is not necessary 
for a highly enantioselective process, because ligand bearing Gly at AA1 position still catalyzes the 
transformation and affords product with similar levels of enantioselectivity. The presence of an O-Cu 
bond in II is suggested by the observation that the methyl ether ligand derived from 1.49 promotes 
<10% alkylation. 
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Figure 1.7. Evidence for Proposed Modes about Cu-Catalyzed Allylic Alkylations.
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Further evidence for the substrate-catalyst complexes is the results for the catalytic asymmetric 
allylic alkylations of chiral nonracemic phosphates. As shown in Figure 1.7, catalytic alkylation of 
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chiral phosphate in the presence of 10 mol % 1.49 affords corresponding product as a single 
diastereomer (>98% conversion, 48 h). In contrast, when (D,D)-1.49 is used, only 10-15% conversion 
is observed (<5% de). As illustrated in proposed transition structure III, the association of chiral 
phosphate owning R absolute configuration with ligand 1.49 occurs through a complex where the 
small H points toward the catalyst structure and the large phenyl is oriented away from the chiral 
complex. Alkylation of chiral phosphate possessing the S absolute configuration would require the 
large phenyl to occupy the “inside” position (the position Et holds in III), engendering a higher degree 
of steric repulsion within the catalyst-substrate complex. In addition, reactions involving a chiral 
phosphate with an R absolute configuration with 10 mol % CuCN (without chiral ligand under 
identical conditions) affords product in 81% isolated yield and only 80% de (>98% conversion). The 
“matched” chiral ligand thus imposes higher degrees of transition state organization to enhance the 
diastereoselectivity of the alkylation.  
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Organocatalysis 
Encouraged by the success in developing of asymmetric catalysis using amino acid-based 
ligands combined with Lewis acidic metal salts to promote enantioselective C-C bond-forming 
reaction, the Snapper-Hoveyda team set out to explore asymmetric catalysis in the presence of amino 
acid based ligands without the Lewis acidic metal salts. As a first step, they decided to test the 
possibility of an enantioselective method for allylation of aldehydes. A new class of easily modified 
proline-based N-oxides that can serve as chiral nucleophilic catalysts was discovered.  
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Scheme 1.63. Enantioselective Reactions of Allyltrichlorosilane to Aldehydes.
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In 2005, Dr. Traverse and Dr. Zhao disclosed their research towards developing a chiral amino 
acid-based Lewis base catalyst that promotes the enantioselective allylation of unsaturated 
aldehydes. 50  Through systematic positional screening, proline-based ligand N-oxide 1.50 was 
identified to serve as an effective catalyst for the reaction of allyltrichlorosilane with aryl and 
                                                        
50 Traverse, J. F.; Zhao, Y.; Hoveyda, A. H.; Snapper, M. L. Org. Lett. 2005, 7, 3151-3154. 
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α,β-unsaturated aldehydes at room temperature to afford the desired homoallylic alcohols in up to 
92% ee (Scheme 1.63). Moreover, E- and Z-crotyltrichlorosilanes can also be employed in enantio- 
and diastereoselective additions promoted by ligand 1.50. The high levels of diastereoselectivity (92 
and 94% de), where the E-silane leads to the formation of the anti-product diastereomer and Z-silane 
affords the syn-isomer respectively, suggest that catalytic transformation proceed through a 
six-membered ring transition structure, such as IV. The nucleophilicity of the allyl group may thus be 
enhanced as it is situated trans to the donor N-oxide, and the aldehyde carbonyl might be activated 
through coordination trans to the 
electron-withdrawing amide carbonyl.  
The development of protecting 
group chemistry is very critical to 
modern synthetic chemistry, especially 
for the methods than can shield 
reactive functionalities with high 
selectivity. In 2006, the Snapper team 
presented a chiral catalyst that 
promotes the enantioselective 
protection of a secondary alcohol as 
one of the most commonly used 
protected forms of an alcohol: a silyl 
ether.51 N-Methylimidazole derived ligand 1.51 promotes the enantioselective silylation of a range of 
achiral diols, including five-, six- and medium-sized ring substrates, as well as acyclic diols (Scheme 
1.64). Other commercially available silyl chlorides, 
such as TESCl and TIPSCl can also be used to 
provide the desired optically enriched molecules. 
H-bonding is used to stabilize and organize the 
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51 Zhao, Y.; Rodrigo, J.; Hoveyda, A. H.; Snapper, M. L. Nature 2006, 443, 67-70. 
 55
transition structure, which is responsible for the reactivity and high enantioselectivity (Figure 1.8).  
Because 1,2-diols are 
very common structural 
components in a variety of 
biologically active 
molecules, methods to 
provide facile access to this 
class of building blocks in 
high enantiomeric purity is 
an important objective in 
synthetic organic chemistry. 
After the preliminary study regarding the enantioselective silylation of meso diols, the more 
challenging enantioselective silylation of chiral 1,2-diols became the next objective. Dr. Zhao and his 
coworkers published their research about kinetic resolution of 1,2-diols through highly site- and 
enantioselective catalytic silylation in 2007.52 In the presence of N-methylimidazole derived ligand 
1.51, a variety of syn-1,2-diols can be catalytically resolved; useful levels of selectivities can be 
obtained. As a result of high site selectivities, unreacted diols and silyl ethers are obtained in useful 
yields (Scheme 1.65). 
Catalytic asymmetric 
silylation of primary 
alcohols that are adjacent 
to a secondary or a tertiary 
carbinol represents another 
synthetically useful class of 
transformations. As shown 
in Scheme 1.66, catalytic 
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kinetic resolutions of diols carrying a secondary, as well as those that bear a tertiary carbinol, proceed 
with exceptional site selectivity (>98% primary silyl ether). These results provide an efficient method 
for kinetic resolution of syn-1,2-diols and vicinal diols that bear a tertiary alcohol.  
In 2009, Dr. You presented 
another application of this 
N-methylimidazole derived ligand 
1.51. Enantioselective silylations 
of acyclic and cyclic 1,2,3-triols 
are promoted by this readily 
available small-molecule catalyst 
affording silyl ethers that bear a 
neighboring diol moiety in up to 
>98% ee.53 The utility of this new 
catalytic process was demonstrated 
through the enantioselective total 
synthesis of cleroindicins D, F and 
C; natural products isolated from 
Clerodendum indicum, a plant used in China to treat malaria and rheumatism. The investigation began 
from the reactions of meso-acyclic 1,2,3-triols bearing a central tertiary alcohol. Both acyclic 
substrates containing alkyl and aryl substituents can be silylated with high enantioselectivity. 
Corresponding cyclic substrates were also capable to be delivered to the desired monosilylated cyclic 
diols in 60-85% yield and >98% ee. The enantioselective silylations of acyclic and cyclic triols are 
summarized in Scheme 1.67. Another noteworthy point is that reactions of acyclic and cyclic 
substrates proceed with the opposite sense of asymmetric induction.  
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Scheme 1.67. Enantioselective Silylation Reactions of Acyclic Triols
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With the success in the enantioselective silylations of acyclic and cyclic 1,2,3-triols bearing a 
central tertiary alcohol, we turned our attention to catalytic desymmetrizations of all-secondary 
1,2,3-triols. This topic is more challenging because the three carbinols units now reside in a less 
                                                        
53 You, Z.; Hoveyda, A. H.; Snapper, M. L. Angew. Chem. Int. Ed. 2009, 48, 547–550. 
 57
differentiable environment. Enantioselective silylations of all-secondary 1,2,3-triols, uniformly 
proceed with exceptional selectivity (from 96 to >98% ee), regardless of the substrate ring size 
(Scheme 1.68). Notably, all transformations proceed with exceptional site-selectivity: less than 2% 
silylation of the central secondary alcohol is observed.  
The utility of 
enantioselective silylations of 
cyclic 1,2,3-triols was 
demonstrated by the total 
syntheses of enantiomerically 
enriched cleroindicines D, F 
and C (Scheme 1.69). The sequence began from the commercially available para-substituted phenol. 
After the initial five steps, tetraol was obtained in reasonable yield and ready for the key 
enantioselective silylation. In the presence of 20 mol % catalyst 1.51 and 2.25 equivalents of TESCl, 
tetraol was selectively protected by two TES groups. After a mesylation step, the resulting tertiary 
alcohol can be converted to enantiomerically pure cleroindicine D under acidic condition. Through 
further transformations, cleroindicine F and C can also be synthesized from cleroindicine D.  
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Scheme 1.68. Enantioselective Silylations Reactions of All-Secondary Triols.
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1.3 Conclusion and Outlook 
     The studies summarized above represent our attempts to discover amino acid-based catalyst in 
promoting diverse chemical transformations. The study started from 1994, a general protocol to 
identify the appropriate combination of peptide ligands with/without metal salts in catalyzing various 
reactions has been established through systematic screen of peptide ligands, metal salts, protecting 
groups and solvents etc. The peptide ligands developed in this project lack high symmetry and are 
available for multiple binding sites. Metal salts include early transition metals such as Zr and Ti, as 
well as late transition metal salts such as Cu and Ag; and their different characters have been utilized 
accordingly to achieve both high efficiency and selectivity. H-bonding and Lewis base activation have 
also been used to affect the reaction’s efficiency and selectivities. In addition, mechanistic studies 
based on the reaction results have been carried out. The proposed working models for the catalytic 
transformations also helped us to improve the reaction’s results and continuously discover new 
asymmetric catalytic reactions promoted by this type of catalysts.  
     Because detailed mechanistic principles are usually not general; subtle variations on substrate 
structure and reaction condition always require different optimal catalyst, the possibility of priori 
designing a catalyst is very low. Our research activities try to resolve the problem with combinatory 
strategy, a broad library of ligands and metal salts can be built up easily and screened systematically. 
After more and more experience was accumulated as our research program was proceeding, we can 
initiate the bias from a broad framework and spend less energy on wrong directions. 
     Future goal of our research is to explore other chemical reactions in the asymmetric catalytic 
version. New chiral ligands bearing new models of activation of substrates or delivering reagents are 
waiting to be discovered. Likewise, the utility of our developed catalyst in the total synthesis of 
natural product molecules will also be demonstrated. 
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Chapter 2 
Catalytic Asymmetric Alkylations of Ketoimines. Enantioselective Synthesis of 
N-Substituted Quaternary Stereogenic Carbon Centers by Zr-Catalyzed Additions 
of Dialkylzinc Reagents to Aryl-, Alkyl- and Trifluoroalkyl-Substituted Ketoimines 
     This chapter focuses on methodology developed for the catalytic asymmetric addition of 
alkylzinc reagents to ketoimines to form chiral, non-racemic amines bearing N-substituted quaternary 
carbons, including enantiomerically enriched quaternary α-amino esters and related derivatives. The 
synthesis of various ketoimines, the versatility of the catalytic reactions and the utility of the protocols 
were explored (Figure 2.1). Some mechanistic studies have also been carried out to help explain the 
reaction, and accordingly, a working model was proposed based on these results. 
In this study of alkylations of ketoimines, three classes of ketoimines are examined. The 
reactions are promoted in the presence 0.5-10 mol % of a Zr salt and a chiral peptide ligand that 
contains two inexpensive amino acids (valine and phenylalanine), utilizing Me2Zn or Et2Zn as 
alkylating agents. Requisite aryl- and alkyl-substituted α-ketoimine esters, accessed readily and in 
>80% yield on gram-scale through a two-step sequence from the corresponding α-keto esters, undergo 
alkylation to afford quaternary α-amino esters in 79-97% ee. Aryl-substituted trifluoroketoimines are 
converted to the corresponding amines by reactions with Me2Zn, catalyzed by a chiral complex that 
bears a modified N-terminus. The utility of the catalytic asymmetric protocols is illustrated through 
conversion of the enantiomerically enriched alkylation products to a range of cyclic and acyclic 
compounds bearing an N-substituted quaternary carbon stereogenic center. 
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Figure 2.1. Overview of Catalytic Asymmetric Ketoimine Alkylation.
 60
Other approaches to chiral amines bearing N-substituted quaternary carbons, as well as their 
importance in pharmaceutical development will also be discussed. The difficulties carrying out 
asymmetric catalytic reactions with imine substrates and our solutions to these challenges are 
discussed. In addition, a brief history of catalytic asymmetric alkylations will also be presented. 
2.1 Importance of Chiral Amines Bearing N-Substituted Quaternary Carbons 
     Chiral amines bearing N-substituted quaternary carbons have widespread significance in 
pharmaceutical reagents, as well as in natural products (Scheme 2.1). α,α’-Disubstituted amino acids 
are found in medicinally relevant agents,54 and lend conformational rigidity within biologically active 
peptides.55 Pharmaceuticals include 1,4-benzodiazepines 2.1, which are used as antagonists of CCK-A, 
GABA receptor and HIV-1 Tat receptors;56 Sorbinil 2.2, a therapeutic agent for chronic complications 
of diabetes mellitus, developed by the Pfizer group.57 Sorbinil contains a chiral spirohydantoin 
structure, and its biological activity resides in the (S)-enantiomer; DPC-961 2.3, is a new 
non-nucleoside reverse transcriptase 
inhibitors (NNRTIs) under 
investigation by Bristol-Myers 
Squibb.58 In fact, about 70% to 80% 
of all drugs and drug candidates 
incorporate an amine moiety. 59  
Medicinal research on enantiopure 
amines possessing a quaternary 
stereogenic center is relatively less 
developed due to the difficulty in synthesizing of this type of drug candidate. 
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54 For examples of biologically or medicinally active molecules that contain an α-quaternary amino acid or the related derivatives, see: 
Kapadia, S. R.; Spero, D. M.; Eriksson, M. J. Org. Chem. 2001, 66, 1903–1905.  
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A.; Kolter, T. Angew. Chem., Int. Ed. Engl. 1993, 32, 1244–1267. (b) Kazmierski, W. M.; Urbanczyk-Lipkowska, Z.; Hruby, V. J. J. Org. Chem. 
1994, 59, 1789–1795. (c) Kaul, R.; Balaram, P. Bioorg. Med. Chem. 1999, 7, 105–117. (d) Hruby, V. J. Acc. Chem. Res. 2001, 34, 389–397. 
56 (a) Carlier, P. R.; Zhao, H.; DeGuzman, J.; Lam, P. C.-H. J. Am. Chem. Soc. 2003, 125, 11482–11483. (b) Lam, P. C.-H.; Carlier, P. R. J. Org. 
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57 (a) Way, K. J.; Reid, J. J. European Journal of Pharmacology. 1996, 318, 101-108. (b) Mashiko, T.; Hara, K.; Tanaka, D.; Fujiwara, Y.; 
Kumagai, N.; Shibasaki, M. J. Am. Chem. Soc. 2007, 129, 11342–11343. 
58 Corbett, J. W.; Ko, S. S.; Rodgers, J. D.; Gearhart, L. A.; Magnus, N. A.; Bacheler, L. T.; Diamond, S.; Jeffrey, S.; Klabe, R. M.; Cordova, 
B. C.; Garber, S.; Logue, K.; Trainor, G. L.; Anderson, P. S.; Erickson–Viitanen, S. K. E. J. Med. Chem. 2000, 43, 2019-2030. 
59 MDL Drug Data Report, MDL Information Systems Inc., San Landro, CA. 
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Natural products include (+)-Duocarmycin 2.4, it represents one of the most important additions 
and the structurally most challenging member of a class naturally occurring potent antitumor 
antibiotics that derive their properties through sequence-selective alkylation of duplex of DNA;60 
(+)-Conagenin 2.5, isolated from the fermentation broths of streptomyces roseosporus, by Ishizuka 
and coworkers in 1991, is a low molecular weight immunomodulater and activated T-cells stimulator, 
which produce lymphokines and generate antitumor effector cells.61 In addition, (+)-Conagenin 2.5 is 
found to improve the antitumor efficacy of adriamycin and mitomycin C against murine leukemia.62  
2.2 Non-Catalytic Methods for the Synthesis of Chiral Amines Bearing N-substituted 
Quaternary Carbons 
     There are some non-catalytic methods for the construction of molecules bearing N-substituted 
quaternary carbons using stoichiometric amounts of a chiral source, such as chiral auxiliary or chiral 
reagent. For example, in the total synthesis of natural product (+)-Duocarmycin 2.4,63 one key step to 
introduce the N-substituted quaternary carbon is the thermodynamically or kinetically controlled 
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cyclization in presence of chiral acyl oxazolidinone (Scheme 2.2). Condensation of 2.6 under 
thermodynamically controlled reaction conditions was achieved by inverse addition of LDA to 
substrate 2.6 at -78 to -50 oC within 0.5 h, which cleanly provided diastereomer 2.7a as the nearly 
exclusive closure product (78% yield). Alternatively, condensation of 2.8 bearing the enantiomer of 
the acyl oxazolidinone under kinetically controlled reaction conditions was achieved by slow addition 
of substrate 2.8 to LDA at -78 oC within 0.5 h, also cleanly providing diastereomer 2.9a with moderate 
yield. 
     Another example comes from 
the enantioselective synthesis of 
quaternary 1,4-benzodiazepines 2.1 
scaffolds via memory of chirality.3(a) 
Despite the absence of a stereogenic 
center, 1,4-benzodiazepin-2-ones 2.10 
derived from glycine are chiral, 
existing as (M)- and 
(P)-conformational enantiomers. 6
                                                       
4  
Because the size of the R1 determined 
the inversion barrier of 
benzodiazepines, 2.10b N-Me group is not large enough to impart sufficient conformational stability 
to the enolate ring 
during the 
deprotonation and 
then alkylation time 
scale. Even within 
short deprotonation 
time scale (10 s), 
 
64 The sense of chirality of the ring has traditionally been described using the helical descriptors (M)- and (P)-, based on the sign of the τ2345 
torsional angle. The same sense of chirality is noted using the more easily perceived τ(R1)178 or τ2176 torsional angles. 
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N-Me benzodiazepine produces racemic product. In contrast, deprotonation/trapping reactions for the 
N-i-Pr analogues 2.11 resulted in high enantioselectivity (97% ee) (Scheme 2.3).  
A concise synthesis of manzacidin C 2.12 has been completed by Professor Leighton utilizing 
stoichiometric amount chiral silane 2.13. 6  
                                                       
5 Highly diastereo- and enantioselective 
acylhydrazone-alkene [3+2] cycloaddition promoted by the chiral silane is the key step introducing 
both the N-substituted quaternary carbon and the other N-substituted tertiary carbon.66 To increase the 
acidity of the silane Lewis acid, preactivation with AgOTf was exploited (Scheme 2.4). 
     From the several examples shown above, we can see a number of chiral auxiliary and chiral 
promoters have been used to transfer chirality to the molecules bearing N-substituted quaternary 
carbons. But from the view of 
atom and step economy, the 
expense of the extra reactions 
to install and remove the 
auxiliary groups argue that 
catalytic asymmetric methods 
are needed to carry out these 
transformations. 
2.3 Catalytic Methods for the 
Synthesis of Chiral Amines 
Bearing N-Substituted 
Quaternary Carbons  
There are a limited 
number of catalytic methods for 
enantioselective transformation 
of ketoimines involving 
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65 Tran, K.; Lombardi, P. J.; Leighton, J. L. Org. Lett. 2008, 10, 3165–3167. 
66 Shirakawa, S.; Lombardi, P. J.; Leighton, J. L. J. Am. Chem. Soc. 2005, 127, 9974–9975. 
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carbon-based nucleophiles. 67  The low reactivity of ketoimines, the rapid isomerization of an 
electrophilic ketoimine to an unreactive enamine under basic conditions, and the difficulty in 
differentiating the two substituents on the pro-chiral ketoimine carbon are the three main obstacles that 
make the development of a catalytic asymmetric reaction of simple ketoimines challenging. In 
addition, due to the existence basic nitrogen on both substrates and products, Lewis acids are easily 
trapped by the substrates or products, and potentially limiting catalyst turn-over.  
The addition of cyanide group to imines to generate α-amino nitriles and acids is called the 
Strecker reaction. It was first discovered by A. Strecker in 1850.68 Recently, several catalysts for 
additions of HCN or TMSCN to imines have appeared in the literature.69 Two representative examples 
are shown in Scheme 2.5. Shibasaki and coworkers have developed a method for the addition of 
TMSCN to aromatic and aliphatic ketimines by a bifunctional chiral lanthanide complex prepared 
from Gd(Oi-Pr)3 and D-glucose derived ligand 2.14, furnishing the chiral amine products with 
enantioselectivities 
varying from 51% to 
98% ee.16(d) Jacobsen and 
co-workers have utilized 
Schiff base catalysts 2.15 
to effectively promote 
the addition of cyanide to 
aromatic and aliphatic ketoimines and obtain selectivities up to 93% ee.16(a, c) The thiourea function 
group on catalyst’s backbone provides hydrogen bonding to chelate with the basic nitrogen atom on 
the imine substrate and increases the electrophilicity of carbon-nitrogen double bond. This strategy has 
been utilized successfully for activation of imine substrates for various catalytic asymmetric 
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Scheme 2.6. Asymmetric Allylboration of Ketoimines.
2.16
                                                        
67 For a review on catalytic enantioselective additions to ketoimines (and ketones), see: Riant, O.; Hannedouche, J. Org. Biomol. Chem. 2007, 
5, 873–888. 
68 Strecker, A. The artificial synthesis of lactic acid and a new homologous of glycine. Liebigs Ann. Chem. 1850, 75, 27-45. 
69 (a) Vachal, P.; Jacobsen, E. N. Org. Lett. 2000, 2, 867–870. (b) Chavarot, M.; Byrne, J. J.; Chavant, P. Y.; Vallée, Y. Tetrahedron: Asymmetry 
2001, 12, 1147–1150. (c) Vachal, P.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 10012–10014. (d) Masumoto, S.; Usuda, H.; Suzuki, M.; 
Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2003, 125, 5634–5635. (e) Wang, J.; Hu, X.; Jiang, J.; Gou, S.; Huang, X.; Liu, X.; Feng, X. 
Angew. Chem., Int. Ed. 2007, 46, 8468–8470. (f) Huang, J.; Liu, X.; Wen, Y.; Qin, B.; Feng, X. J. Org. Chem. 2007, 72, 204–208. (g) Rueping, 
M.; Sugiono, E.; Moreth, S. A. Adv. Synth. Catal. 2007, 349, 759–764. 
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reactions.70  
Shibasaki also provided a possible solution to a long-standing problem: a catalytic 
enantioselective allylation 
of ketoimines by utilizing 
DuPHOS ligand 2.16 
combined with copper salt 
(Scheme 2.6). 71  
                                                       
This 
methodology was 
extended to an 
enantioselective variant by 
using a CuF catalyst 
combined with a 
Li(Oi-Pr)3 cocatalyst and 
DuPHOS chiral phosphine 
ligand. 
The Mannich 
reaction is the imine 
version of the aldol 
reaction. It is the addition 
of resonance-stabilized 
carbon nucleophiles to 
iminium salts and imines. 
The product of the 
reaction is a substituted 
β-amino carbonyl 
 
70 (a) Yoon, T. P.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2005, 44, 466-468. (b) Yoon, T. P.; Jacobsen, E. N. Science 2003, 299, 1691-1693. 
(c) Vachal, P.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 10012-10014. (d) Vachal, P.; Jacobsen, E. N. Org. Lett. 2000, 2, 867-870. (e) 
Sigman, M. S.; Vachal, P.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2000, 39, 1279-1281. (f) Sigman, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 
1998, 120, 4901-4902. (g) Tan, K. L.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2007, 46, 1315-1317. 
71 Wada, R.; Shibuguchi, T.; Makino, S.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2006, 128, 7687–7691. 
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compound, which is often referred to as the Mannich base. There are several classes of Mannich-type 
catalytic asymmetric additions to ketoimines,72 some of them involved silyl enolates, which are 
prepared in advance, whereas some methodologies generated enolate equivalents in the process of 
reaction. Presented here are two examples of the procedure in recent asymmetric synthesis (Scheme 
2.7). Shibasaki developed a Cu(I)-catalyzed enantioselective Mannich reaction of N-phosphionyl 
imines, the substrate scope include both aryl- and alkyl-substituted ketoimines.16(c) Jorgensen reported 
the first organocatalytic 
enantioselective Mannich reaction 
between ketoimine and 
unmo
es the reaction with 
highe
genic carbon 
centers under the concept of H-bond donor catalysis by anion binding (Scheme 2.9).74  
                                                       
dified aldehydes based on 
the concept of intrinsic protecting 
group anchoring.16(a,b)  
In addition, Shibasaki 
reported the first example of a 
catalytic enantioselective quaternary stereocenter construction through a Reissert-type reaction 
(Scheme 2.8).73 Considering the catalyst to build quaternary stereocenter must activate the substrates 
more strongly than the case for construction of chiral tertiary stereocenter due to higher steric 
repulsion during bond formation, attempt to increase the Lewis acidity of the catalyst by tuning the 
counterion of the aluminum was carried out. Aluminum triflate (Al-OTf) catalyz
Br
Br
Ph2HC
O
O
AlTfO
Ph2HC2.5 mol %
TMSCN (2 equiv), -60 oC, CH2Cl2, 48 h
Cl O
O
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N O
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Scheme 2.8. Catalytic Enantioselective Quaternary Stereocenter-Forming
Reissert-Type Reaction.
Masakastu Shibasaki's Work:
2.20
r yield and enantioselectivity than aluminum chloride (Al-Cl). 
In 2007, Professor Jacobsen at Harvard developed the first enantioselective Pictet-Spengler 
cyclization of hydroxylactams to generate products bearing fully substituted stereo
 
72 (a) Saaby, S.; Nakama, K.; Lie, M. A.; Hazell, R. G.; JØrgensen, K. A. Chem. Eur. J. 2003, 9, 6145–6154. (b) Zhuang, W.; Saaby, S.; 
JØrgensen, K. A. Angew. Chem., Int. Ed. 2004, 43, 4476–4478. (c) Suto, Y.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2007, 129, 500–501. 
(d) Wieland, L. C.; Vieira, E. M.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 10784–10785. 
73 Funabashi, K.; Ratni, H.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2001, 123, 10784–10785. 
74 Raheem, I. T.; Thiara, P. S.; Peterson, E. A.; Jacobsen E. N. J. Am. Chem. Soc. 2007, 129, 13404-13405. 
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2.21
Catalytic highly enantioselective methods for alkylations of ketoimines are rarely reported; the 
only known example appeared recently in 2006. Professor Charette and coworkers reported that 
additions of Me2Zn and Et2Zn to trifluoromethyl keto-N-phosphinoylimines, catalyzed by a complex 
of a Cu salt with a chiral 
bisphosphine monoxide 2.22, 
resulted in the formation of the 
derived amines with high 
enantioselectivity (up to >98% 
ee) (Scheme 2.10). 75  The 
protocols used to prepare the 
ketoimine substrates, however, 
proved to be less than perfect: Ti-mediated generation of hemiaminal precursors from the 
trifluoromethyl ketones resulted in 46–63% yield. As it is well known, compared to aldimines, 
synthesis of ketoimines is generally less efficient; this is a complication that, due to competitive 
enamine formation, is exacerbated with substrates that carry an alkyl substituent (Details will be 
discussed again in the synthe
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Scheme 2.10. Copper Catalyzed Asymmetric Alkylation to Ketoimines.
2.22
sis of substrates). Usually, methods proved to be optimal for catalytic 
ause 
                                                       
asymmetric alkylation of aldimines can not be applied to alkylation of ketoimines, mainly bec
there are no good methods to prepare the stable substrates. 
 
75 Lauzon, C.; Charette, A. B. Org. Lett. 2006, 8, 2743–2745. 
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2.4 Catalytic Asymmetric Additions of Organometallic Reagents to Pro-chiral Aldimines 
     Before discussing asymmetric alkylations of ketoimines, we should talk about achievements in 
the enantioselective addition of organometallic reagents to aldimines, which is a far more developed 
en double 
bond significantly. In the 
proposed working model, a 
zinc cuprate-phosphine 
complex is formed in situ, 
then the reaction proceeds 
through the intermediacy of a 
zinc cuprate in a 
                                                       
field comparing to additions to ketoimines. Several methods based on the catalytic, enantioselective 
addition of diorganozinc reagents to activated aryl- and alkyl- aldimines have been described. 
     In 2000, Professor Tomioka 
reported a protocol that combine a chiral 
aminophosphine ligand 2.23 with 
Cu(OTf)2 to catalyze asymmetric 
addition of Et2Zn to N-sulfonylimines 
(Scheme 2.11). 76  The asymmetric 
additions are carried out in toluene 
under mild temperature (0 oC) and 
provide N-sulfonylamides in excellent 
enantioselectivity and yield. The strong 
electron withdrawing ability 
of the sulfonyl group 
increases the electrophilicity 
of carbon-nitrog
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76 Fujihara, H.; Nagai, K.; Tomioka, K. J. Am. Chem. Soc. 2000, 122, 12055–12056. 
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1,4-co
60-98% 
regarding the 
atalytic method, and moderate to 
good 
c
                                                       
njugate addition manner. 
In early 2001, Snapper, Hoveyda and coworkers disclosed an efficient Zr-catalyzed aryl imine 
alkylation promoted by peptide-based chiral ligands 2.24 that afford arylamines in 84-98% ee and 
isolated 
yield.77 Later that year, 
they reported the 
results of their studies 
Zr-catalyzed 
asymmetric addition of 
alkylzincs to aliphatic 
imines by a 
single-vessel, 
three-component 
catalytic asymmetric 
procedure that obviates 
the need for isolation 
of unstable imine 
starting materials 
(Scheme 2.12). 
Additionally, various dialkylzinc reagents have been tested in this c
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2.26
enantioselectivity can be achieved for these dialkylzinc reagents. 
In 2002, Professor Bräse demonstrated a highly enantioselective Et2Zn addition to imines in the 
presence of atalytic amounts of N,O-ligands 2.25 without additional metal salts (other than the 
dialkylzinc).78 At the beginning of the reaction, deprotonation of the carbamate by Et2Zn, afforded the 
 
77 (a) Porter, J. R.; Traverse, J. F.; Hoveyda, A. H.; Snapper, M. L. J. Am. Chem. Soc. 2001, 123, 984–985. (b) Porter, J. R.; Traverse, J. F.; 
Hoveyda, A. H.; Snapper, M. L. J. Am. Chem. Soc. 2001, 123, 10409–10410. (c) Traverse, J. F.; Hoveyda, A. H.; Snapper, M. L. Org. Lett. 2003, 
5, 3273–3275. (d) Akullian, L. C.; Porter, J. R.; Traverse, J. F.; Hoveyda, A. H.; Snapper, M. L. Adv. Synth. Catal. 2005, 347, 417-425.  
78 (a) Dahmen, S.; Bräse, S. J. Am. Chem. Soc. 2002, 124, 5940–5941. (b) Hermanns, N.; Dahmen, S.; Bolm, C.; Bräse, S. Angew. Chem., Int. 
Ed. 2002, 41, 3692–3694. 
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elimination of the sulfinate to generate N-acyl imine in situ for the following catalytic asymmetric 
alkylation. Later that year, extension of this methodology to diphenylzinc reagents was presented with 
a modified ligand 2.26 (Scheme 2.13). The mixed zinc reagent was formed in situ from diphenylzinc 
and diethylzinc and selectively transfers only the phenyl moiety to the substrate. It is the first catalytic 
and highly enantioselective process for the asymmetric addition of a phenylzinc reagent to imines that 
gives 
                                                       
rise to diarylmethylamines in excellent yields and enantioselectivity. 
Professor Charette also has shown that Me-DuPHOS monoxide 2.27 is an effective ligand in the 
copper-catalyzed 1,4-conjugated addition of 
dialkylzinc reagents to N-phosphinoylimines (Scheme 
2.14). 79  Various dialkylzinc reagents have been 
delivered efficiently with high enantioselectivities. 
Alkyl LG
N
PG H
:B
(-HB.LG) Alkyl H
N
PG
Scheme 2.15. The in situ Generation of Sensitive Imines.
 
79 (a) Boezio, A. A.; Charette, A. B. J. Am. Chem. Soc. 2003, 125, 1692–1693. (b) Boezio, A. A.; Pytkowicz, J.; Coté, A.; Charette, A. B. J. Am. 
Chem. Soc. 2003, 125, 14260–14261. (c) Coté, A.; Boezio, A. A.; Charette, A. B. Angew. Chem., Int. Ed. 2004, 43, 6525–6528. (d) Coté, A.; 
Boezio, A. A.; Charette, A. B. Proc. Natl. Acad. Sci.U.S.A.2004, 101, 5405–5410. 
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Similar to the last example, to 
vercome the difficulty in 
preparing alkylaldehyde derived 
N-phosphinoylimines bearing 
α-enolizable protons, an in situ 
generation of sensitive imines 
from stable precursors has been
o
 
chos
 ee).80 In the proposed model, the methylrhodium species is generated by the reaction of 
[RhC
ines.81 Good yields 
with moderate to high 
selectivity (63-93% ee) 
could be achieved 
(Scheme 2.16). 
     Professor 
Kozlowski reported the 
first enantioselective
addition of Et2Zn to 
                                                       
en (Scheme 2.15). This 
strategy has been proven to be 
successful in a number of cases. 
There are also other 
examples that are worthy of note (Scheme 2.16). Professor Hayashi uses a rhodium complex 
coordinated with a chiral diene 2.28 to catalyze the asymmetric addition of dimethylzinc to 
N-tosylarylimines to give high yields of chiral 1-aryl-1-ethylamines with high enantioselectivity 
(94-98%
N
Ts
+ Me2Zn
1.5 equiv
[RhCl(C2H4)2]2 (3 mol %)
dioxane
50 oC, 3 h
Me
HN
Ts
75% yield
98% ee
NTs
 2 equiv Et2Zn, toluene, 0 oC, 8 h
NHTs
Et
F3C F3C
95% yield
 93% ee
NHEt
NHPMe2
S 6 mol %
6 mol %
Tamio Hayashi's Work:
Scheme 2.16. Catalytic Asymmetric Alkylation of Imines.
3 mol % CuBF4
Min Shi's Work:
2.28
2.29
l(diene)] with dimethylzinc to effect the addition to carbon-nitrogen double bond.  
Professor Shi has explored a novel chiral binaphthylthio-phosphoramide ligand 2.29 combining 
with CuBF4 salt to catalyze the asymmetric addition of diethylzinc to N-sulfonylim
 
H CO2Et
N + Et2Zn
2.0 equiv
0.5 equiv additive
10 mol % Ti(Oi-Pr)2-2.30
toluene, -40 oC H CO2Et
NH
PMP
Et
N
N
PMP PMP
CO2Et
PMP
Et
O
+
N N
OH HO
N N
t-But-Bu
2.30
additive:
Ph CF3
OHH
63% yield, 80% ee 6% yield, 75% ee
Scheme 2.17. Addition of Et2Zn to α-Imino Ester Catalyzed by Ti-Salen Complex.
 
80 Nishimura, T.; Yasuhara, Y.; Hayashi, T. Org. Lett. 2006, 8, 979–981. 
81 Wang, C. J.; Shi, M. J. Org. Chem. 2003, 68, 6229–6237. 
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α-aldiminoester in 2006.82 Because the Ti-Salen 2.30 complex effectively controls the addition of 
Et2Zn to α-aldiminoester, the catalytic transformation overcomes the strong background reaction that 
rovides racemic product. The use of an alcohol additive enhances the enantioselectivity. p
Besides zinc reagents, there are also reports for catalytic enantioselective additions of other 
organ
 
f
                                                       
R1 H
N
OMe
O
N N
O
Et Et
t-Bu t-Bu10 mol %
R2Li (2.0 equiv)
solvent, -41--78 oC
R1 R2
HN
OMe
Me
HN
OMe
98% yield, 68% ee
Me
HN
OMe
81% yield, 82% ee
n-Bu
HN
OMe
92% yield, 51% ee
HN
OMe
82% yield, 82% ee
H
N
OMe
20 mol %
n-BuLi (2.0 equiv)
Et2O, -78 oC
n-Bu
HN
OMe
91% yield, 79% ee
N
N
H
H
H
H
Scheme 2.18. Catalytic Asymmetric Addition of Organolithium Reagents to Imines.
Scott E. Denmark's Work:
2.31
2.32
ometallic reagents to imines. Professor Denmark has demonstrated that bis-oxazolines 2.31 and 
(-)-sparteine 2.32 can serve as 
promoters for the selective addition 
of organolithium reagents to aromatic, 
olefinic and aliphatic aldimines. 83  
For relatively unreactive substrates, 
the reactions can be carried out in 
presence of catalytic amounts o  
ligand to furnish the products in 
excellent yield, albeit with moderate enantioselectivity (Scheme 2.18). 
Ar1 H
N
SO2Ar3
+ Ar2SnMe3 Rh(acac)(C2H4)2 (3 mol %)
LiF, dioxane, 110 oC, 12 h
Ph2P
6 mol %
Ar1 Ar2
HN
SO2Ar3
Me
Me
OMe
F3C
HN
SO2Ar3
90% yield, 96% ee
F3C
HN
SO2Ar3
89% yield, 96% ee
OMe
HN
SO2Ar3
77% yield, 93% ee
Ar3 = NO2
Scheme 2.19. Catalytic Asymmetric Arylation of Imines with Arylstannanes.
Tamio Hayashi's Work:
2.33
 
82 Basra, S.; Fennie, M. W.; Kozlowski, M. Org. Lett. 2006, 8, 2659–2662. 
83 Denmark, S. E.; Nakajima, N.; Nicaise, O. J-C. J. Am. Chem. Soc. 1994, 116, 8797–8798. 
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     Professor Hayashi reported a rhodium monophosphine ligand 2.33 complex that catalyzed imine 
 Reagents’ Characteristics, Structure and Synthesis 
ymmetric alkylation of imines. 
unds requiring, in a retrosynthetic 
analys
                                                       
arylation by arylstannane reagents with good enantioselectivities (Scheme 2.19).84 The catalytic cycle 
of the asymmetric arylation probably involves a rhodium-aryl species generated from transmetalation 
of arylstannane with Rh(acac)(C2H4)2, and its enantioselective addition to the carbon-nitrogen double 
bond of imine. 
2.5 Dialkylzinc
     An important topic is the choice of nucleophile in the catalytic as
Based on what has been presented above, there are significantly more examples utilizing dialkylzinc 
reagents than other organometallic reagents to catalyze asymmetric alkylation to pro-chiral imines. As 
can be seen in Scheme 2.18, reactions utilizing alkyllithium reagents must be run at low temperatures. 
By contrast, reactions with dialkylzinc reagents can be carried out in a much broader temperature 
range, even with some imines activated by electron-withdrawing groups, and still provide high 
enantioselectivity. This can be explained by the comparison between 
different organometallic reagents in Table 2.1. Organometallic 
compounds provide a source of nucleophilic carbon atoms that can 
react with electrophilic carbon to form a new carbon-carbon bond. 
Organolithiums (R-Li) and Grignard reagents (R-MgX) are too 
reactive to be used in asymmetric catalysis due to formidable 
background reaction. Organoaluminum reagents and organozinc reagents are more suitable for 
asymmetric catalysis because of their reluctance to react with substrate in absence of catalysts.  
Most organic target molecules are multi-functional compo
R Li
R MgX
(R)2 Al R
R Zn R
R Zn X
Nucleophility
Nucleophility
in
cr
ea
si
ng
Table 2.1. Nucleophility of Different
Organometallic Reagents.
is, the reaction between a functionalized carbon electrophile and a functionalized carbon 
nucleophile. Many carbon nucleophiles are organometallic reagents, and the highly reactive nature of 
the carbon-metal bond often precludes having other functional groups present in these reagents.85 This 
feature limits their utility in applications toward complex natural product and drug molecule synthesis. 
     Dialkylzinc reagents are relatively unreactive nucleophiles compared to alkyllithium reagents, 
 
84 Ishigedani, M.; Hayashi, T. J. Am. Chem. Soc. 2000, 122, 976–977. 
85 Singer, R. D.; Knochel, P. Chem. Rev. 1993, 93, 2117-2188. 
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Grignard and alkylaluminum reagents, unless activated by Lewis base. Dialkylzinc reagents were first 
bond 
g alkyllithium or Grignard reagents.34 
Alternatively, they can be synthesized by direct Zn insertion into alkyl halides, or by transmetalation 
                                                       
discovered by Frankland. According to preliminary studies,86 unactivated dialkylzincs will add only 
slowly to aldehydes, but will add to other electrophiles when activated by amines. This property has 
made dialkylzinc reagents a good choice as nucleophile in catalytic asymmetric alkylations, because 
different chiral Lewis bases can be used to activate it and transfer the chirality to the products. In 
addition, due to low nucleophilicity, dialkylzinc reagents have broader function group tolerability; 
moieties such as esters and alkyl halides are typically compatible with this class of nucleophile.  
     Several interesting and useful properties come from the special structure and electron 
distribution in zinc orbitals.87 For example, dimethylzinc has a sp linear geometry with a 1.95 Å 
length between the zinc and carbon atoms and 44 kcal/mol bond strength per Zn-C bond. 88  
Dimethylzinc does not add to aldehydes 
by itself. It will form a complex with 
two equivalents of 
1,3,5-trimethylhexahydro-1,3,5-triazine 
2.25 (the donor atom is nitrogen). X-ray 
analysis of the complex reveals that the 
structure of the zinc atom changes to a 
sp3 pyramidal geometry with a 145o 
carbon-zinc-carbon bond angle (Figure 2.2). It should be noted that the bond length between the zinc 
and carbon atoms becomes longer (1.98 Å vs 1.95 Å). This means that the bond energy of the 
zinc-carbon bond decreases and the nucleophilcity of the methyl group of dimethylzinc increases. In 
fact, 5 mol % of N,N,N’,N’-tetramethylethylenediamine catalyzes the addition of diethylzinc to 
aldehyde to afford the corresponding alcohol quantitatively.  
     While only a few alkylzinc reagents are commercially available (Me2Zn, Et2Zn, i-Pr2Zn and 
n-Bu2Zn), they can be synthesized from the correspondin
H3C
Zn
CH3
N N
1.98 Å
Zn CH3H3C
1.95 Å
180 o
145 o
Me2Zn .
N
N N
Me
MeMe
2
N
N N
Me
MeMe
2 equiv
Figure 2.2. Structures of Dimethylzinc and Its Adduct
with 1,3,5-Trimethylhexahydro-1,3,5-triazine.
2.25
 
86 Soai, K.; Watanabe, M.; Koyano, M. Bull. Chem. Soc. Jpn., 1989, 62,2124-2125.  
87 Soai, K.; Niwa, S. Chem. Rev. 1992, 92, 833-856. 
88 Diethylzinc has a longer, weaker C-Zn bond: bond length, 1.96 Å; bond energy, 38 kcal/mol. 
 75
from boron, zirconium or mercury.  
2.6 Summary of Previous Contributions 
     Based on what has been presented, four points should be taken. First, chiral amines bearing 
N-substituted quaternary carbons are important compounds, both in modern pharmaceutical research 
odologies, including catalytic and non-catalytic protocols, 
e existing methods used 
for pr
ents to α-ketoesters89 and previous discoveries about the 
                                                       
and in natural products. Second, some meth
have been developed for the asymmetric synthesis of chiral amines bearing N-substituted quaternary 
carbons. Each method has its advantage and limitation. Third, the number of catalytic asymmetric 
methodologies (especially for asymmetric alkylation) for ketoimines substrates is still limited 
comparing to aldimines. Fourth, catalytic asymmetric alkylation of ketoimines is one of the 
approaches to produce chiral amines bearing N-substituted quaternary carbons, especially protocols 
utilizing dialkylzinc reagents, which have useful function group tolerability.  
The amount of research on the catalytic asymmetric alkylation of ketoimines is still limited 
regarding substrate scope. Many methodologies that performed well in asymmetric alkylation to 
aldimines proved to be fruitless when applied to ketoimines. This is because th
eparation of the ketoimine substrates, proved to be less efficient; an issue exacerbated with 
substrates that carry an alkyl substituent.  
     Our decision to develop catalytic asymmetric alkylation (AA) reactions of α-ketoimine esters 
originated from the importance of α-quaternary amino acids.1-8 A project completed regarding 
Al-catalyzed additions of dialkylzinc reag
related Zr-catalyzed processes between various dialkylzinc reagents and aryl and alkyl-substituted 
aldimines,17 built the foundation for this study. These methodologies are developed from high 
throughput screening of amino acid based catalysts. The lack of a catalytic enantioselective addition to 
α-ketoimine esters, as well as those methods involving a chiral auxiliary or stoichiometric amount of a 
chiral promoter, which do not satisfy atom economics, provided additional incentive for the 
investigations described herein. 
 
89 Wieland, L. C.; Deng, H.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 15453–15456. 
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2.7 Synthesis of Aryl-Substituted α-Ketoimine Esters and Aryl-Substituted Trifluoromethyl 
Ketoimines 
Synthesis of α-ketoimine esters and trifluoromethyl ketoimines is more challenging than the 
synthesis of aldimines. The method we used to synthesize aryl-substituted aldimines gives low 
conversion for the synthesis of 
α-ketoimine esters and no 
conversion for trifluoromethyl 
ketoimines (Scheme 2.20). 
That is because of the reduced 
electrophilicity and increased 
steric congestion of the 
carbonyl in α-keto esters and 
trifluoromethyl ketones 
compared to those in 
ons are needed. Because weakly 
mine esters and trifluoromethyl 
esters and trifluoromethyl ketone 
nesulfonic acid (Scheme 2.21).91 
In addition, after completion of 
the reaction, the crude mixture 
was purified by 2~5% Et3N base 
washed column in case the 
ketoimine substrate decomposed 
on silica gel. The isolated 
ketoimine products exist as a 
                                                       
aldehydes.  
To obtain the ketoimines in reasonable yield, harsher conditi
acidic conditions are good for imine formation,90 most of the α-ketoi
ketoimines were prepared by condensation of corresponding α-keto 
with o-anisidine under Dean-Stark conditions in presence of 5% tolue
 
90 Imine formation generally takes place fastest between pH 4 and 5 and is slow at lower or higher pH. 
91 Niwa, Y.; Shimizu, M. J. Am. Chem. Soc. 2003, 125, 3720–3721. 
OMe
O
O
OMe
NH2
+ MgSO4 or Molecular Sieves OMe
N
O
MeO
CH2Cl2, 22 oC, 24 h
<20% conversion
CF3
O
OMe
NH2
+ MgSO4 or Molecular Sieves
CF3
N
MeO
CH2Cl2, 22 oC, 24 h
<2% conversion
H
O
OMe
NH2
+ MgSO4 or Molecular Sieves
H
N
MeO
CH2Cl2, 22 oC, 12 h
>95% conversion
Scheme 2.20. Synthesis of Ketoimines.
aryl
OMe
O
O
OMe
NH2
+ 5% toluenesulfonic acid
aryl
OMe
N
O
MeO
Dean-Stark Condensation
70~90% yield
110-120 oC, 18 h
aryl CF3
O
OMe
NH2
+ 5% toluenesulfonic acid
aryl CF3
N
MeO
Dean-Stark Condensation
70~90% yield
110-120 oC, 18 h
Scheme 2.21. Synthesis of Ketoimines utilizing Dean-Stark Condensation.
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mixture of geometrical isomers, the 
Scheme 2.22. Representative Methods for Synt esis oh f α-Keto Esters.
ratio in CDCl3 ranges from 7:1 to 
α-k
keton
avai
from inexpensive commercially available reagents. Various methods 
α-keto esters and trifluoromethyl ketones according to different functi
by the targets.92 Some of the representative methods are shown in Sch
2.8 Catalytic Asymmetric Alkylations (AA) of Aryl-Substituted α-K
Based on previous studies regarding the related Zr-catalyz
dialkylzinc reagents and aryl and alkyl-substituted aldimines, we first 
ligand 2.24, a small peptide that consists of two inexpensive amino ac
promo
0
% peptide ligands, resulted 
in >98% conversion and 
81% ee (entry 1, Table 2.2). 
Then the initial reaction 
conditions were optimized. 
All transformations proceed 
with good conversion and 
1) DBU, CH3CN, 22 oC
>20:1.  
Because there are only limited 
eto esters and trifluoromethyl 
es that are commercially 
lable, they must be prepared 
are exploited in the synthesis of 
onal group tolerability displayed 
eme 2.22. 
etoimine Esters with Me2Zn 
ed processes between various 
tested the possibility of utilizing 
ids valine and phenylalanine, to 
te the Zr-catalyzed additions of Me2Zn to α-ketoimine esters 2.34a. The reaction was carried 
out at room temperature 
with 6 equivalents of 
Me2Zn in presence of 1  
mol % Zr salt and 10 mol 
                                                        
92 (a) Ma, M.; Li, C.; Peng, L.; Xie, F.; Zhang, X.; Wang, J. Tetrahedron Letters. 2005, 46, 3927-3929. 
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H
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MeO
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N
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O
  Y mol % Zr(Oi-Pr)4.HOi-Pr
Me Zn, toluene Ph2
OMe
O
Z/E ratio = 7:1
X mol %
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2
1
3
4
6
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X mol %
10
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5
5
5
tem
( C)
4
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4
-15
-1
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Y mol %
10
10
5
5
5
7 5 7 -1
5 5
p
o
-15
5
time
(h)
5
5
20
20
24
24
equiv
Me2Zn
6
6
6
6
6
4
convb
(%)
>98
>98
>98
92
>98
93
eec
(%)
93
81
83
91
89
94
5
5 24 4 >98 94
NHMe
OMe
2.34a 2.38
K th 2
 All reactions were performed under N2 atmosphere; see the Experimental Section for 
 through analysis of 400 MHz 1H NMR spectra of 
ixtures. c Enantioselectivities were determined by chiral HPLC analysis;
see the Experimental Section for details.
2.24
Table 2.2. Zr-Catalyzed AA Reactions of Aryl-Substituted α- etoimino Esters wi Me Zna.
a
details. b Determined
unpurified product m
Br
OMe
O
O
AcHN SO2N3
2) Benzene / H2O, NaHCO3
acetone, Oxone
Br
OMe
O
O
MeO
MeO
MgBr OMe
O
O
THF or Et2O
-78 oC to -30 oC
MeO
OMe
O
70~85% yield
60~90% yield
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minimal side product formation. The AA reactions with Me2Zn can be
ranging from -15 to 22 oC, moderate to good enantioselectivity (
case. Reducing the temperature and the amount of Me2
enantioselectivity of the reactions because there is less backgr
observation was that the amount of Zr(Oi-Pr)4•HOi-Pr plays a
reaction’s speed. Comparing the results in entries 6 and 7, it
Zr(Oi-Pr)4•HOi-Pr causes the reaction to proceed to completion
h
6-7) to carry out the 
from th
the dif
will 
enantio
2.34a e
isomers
high enantioselectivity suggests that interconversion between the two
ketoimine might react preferentially. Questions about which geometrical i
how the catalyst activates the imine substrate to introduce the chirality rem
                                                       
 carried out under temperatures 
81-94% ee) can be achieved in each 
Zn can significantly improve the 
ound reaction.93 Another interesting 
n important role in determining the 
 shows that a 2 mol % increase in 
. As discussed later, this observation 
as been further explored. After optimization, we can use less chiral ligand (5 mol % vs 10 mol %, 
entries 1-2 vs 3-7) and nucleophile (4 equivalent vs 6 equivalent, entries 1-5 vs 
AA reaction without hurting the reaction’s conversion and enantioselectivity.  
After we got these exciting initial results, we thought there may be some interconversion 
between the two geometrical isomers of the substrate during the reaction. Because imines often exist 
as mixtures of geometrical isomers ascribed to the carbon-nitrogen double bonds under rapid 
equilibrium, so as shown in Figure 
2.3, when the nucleophile attacks 
e same side of the substrate, 
ferent geometrical isomers 
achieve opposite 
selectivity. The substrate 
xits as 7:1 mixture of Z:E 
 in CDCl3. The unexpectedly 
 isomers is facile and one 
somer is the reactive one and 
ain unclear.  
 
R1
93 In presence of only substrate 2.34a and Me2Zn, reaction proceeds with ~50% after 24 hours. 
R2
N
R3
N
R1 R2
R1 R2
HN
R3
Nu R
1 R2
HN
R3
Nu
front-side
attack
back-side
attack
back-side 
attack
front-side 
attack
Relationship between Selectivities 
and C-N Double Bond Isomerization R
3
Figure 2.3. Imine Geometrical Isomers in Nuclephilic Addition.
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To figure this out, we 
decided to test the influence of 
ester group size on the 
enantioselectivity of the 
reaction. The substrates initially 
examined differ in the identity 
of the alkoxy unit of the ester 
group. All four ketoimines 
selected for this preliminary 
t-butylester 2.37 (Z:E = 5:1, entry 4) only achieves 36% conve
reaction speed is related to the Z:E ratio of geometrical isomers
generated in each case, without regard to the Z:E ratio of g
between these two geometrical isomers in the reaction proces
products for different α-ketoimino ester s tes gener he
of unreacted 2.37 have an identical Z:E ratio; this also suggest t
isomers is facile and one ketoimine might react pr rably (se
attribute to mechanistic models).  
ine Z:E ratios alter 
upon changing the solvent in which 
the 1H NMR spectra are recorded. For 
example, in chloroform, in contrast to 
the values measured in toluene and 
study undergo reaction with 
high enantioselectivity (Table 2.3). This suggests that there is no relationship between the 
enantioselectivity and the Z:E ratio of geometrical isomers. Alkyl esters 2.34a, 2.35 (Z:E = 20:1, 
entries 1–2) and benzyl ester 2.36 (Z:E = 20:1, entry 3) all proceed with high conversion, whereas 
rsion after 24 hours. This means the 
. Since the high enantioselectivity is 
eometrical isomers, interconversion 
s can be proposed. In addition, the 
 same major enantiomer and recovery 
hat interconversion between the two 
e below for the significance of this 
Another interesting observation 
is that the ketoim
ubstra ated t
efe
Figure 2.4. X-ray crystal structure of α-ketoimine ester 2.34a and a key NOE.
OR
N
O
5 mol %
4.0 equiv Me2Zn, toluene, -15 oC, 24 h
OR
O
OH
N
H
H
N
NHn-Bu
i-Pr
O Bn
O
MeO
5 mol % Zr(Oi-Pr)4 HOi-Pr.
Me NH
OMe
Z
entry Z:Eb (%)c (%)d (%)e
2
3
4
20:1
20:1
5:1
81
91
36
71
78
34
96, R
96, R
94, R
R
Et
Bn
t-Bu
conv yield ee 
1 20:1 92 86 95, RMe
MeO
2.34a
Table 2.3. Effect of Carboxylic Ester Size on Zr-Cataly
2.35
2.36
2.37
zed AA Reactions
e Enantioselectivities were determined by chiral HPLC analysis; 
se
of a-Ketoimine Esters.a
a All reactions were performed under N2 atmosphere; see the Experimental Section
for details. b-c Determined through analysis of 400 MHz 1H NMR spectra 
of unpurified product mixtures (d8-toluene). d Yields of products after purification. 
e the Experimental Section. for details.
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shown in Table 2.3, methyl ester 2.34a exists as a 7:1 Z:E mixture of isom
as a 9:1 Z:E mixture of isomers; benzyl ester 2.36 exists as a 12
examination of freshly prepared samples of t-butyl ester 2.37 indicat
occurs within 6–12 hours, Z:E ratios varies from 10:1 to >20:1). Th
facility of ketoimine isomerization. 
To identify which one is the major isomer between those two
X-ray crystal structure has been obtained for 2.34a (Figure 2.4). In t
isomer can be observed. To verify this observation, NOE studies hav
and 2.37. Either in chloroform or in toluene, NOE signals observed v
isomer in solution (Figure 2.4). 
ers; ethyl ester 2.35 exists 
:1 Z:E mixture of isomers and  
e a 10:1 Z:E ratio (isomerization 
is is additional evidence for the 
 E and Z geometrical isomers, a 
he solid crystal of 2.34a, only Z 
e been carried out for both 2.34a 
erified the Z isomer is the major 
DFT calculations94 also suggest that the Z 
isomers are lower in energy for 2.34a (∆H = 
~1.8 kcal/mol) and 2.37 (∆H = ~3.3 kcal/mol); 
the most favored conformations of Z and E 
isomers of t-butylester 2.37 are illustrated in 
Figure 2.5. It should be noted, however, these 
calculations represent energies in gas phase, but the subtle energy difference is also evident that such 
intercoversion can happen readily. 
In addition, all of these studies exclude the coordination of the chiral catalyst to a ketoimine and 
presence of zinc reagents, which could also alter the identity of the preferred or reactive isomer. 
                                                        
94 All structures were minimized according to the
Z-2.29 E-2.29
Figure 2.5. Calculated (DFT) minimized conformations of E and
Z isomers of t-butyl ester 2.37.
 following sequence. The promising conformers from conformer distributions, obtained with 
PM3 semi-empirical method, were optimized at B3LYP level of theory.  Conformer distributions were calculated with Spartan ’04 suite.  
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te.  Electronic configurations of the molecular 
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e as supplied by Gaussian 03.D02 suite.  The valley 
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The investigation of 
substrate generality for 
asymmetric alkylation of Me2Zn 
to ketoimine has been carried out. 
Table 2.4. Zr-Catalyzed AA Reactions of Aryl-Substituted
α-Ketoimine Esters with Me2Zn.a
For 
α-quater
various substituents, especially for those with a ster
as 2.34b (entry 2), 2.34d (entry 4) and 2.34g (en
reactions for substrates with a ortho-substituent (2.3
4 h) are necessary. The relatively sluggish transformation matches 
the proposed working model, which is going to be discussed further in the ‘Mechanistic Model’ 
 that 
% conversion is achieved. For example, lower selectivities were obtained for substrates that 
 
hed 
 
all aromatic ketoimines, 
nary amino esters are 
including heteroaromatic 
ketoimines, the reactions proceed 
with high enantioselectivity 
(88–97% ee; Tables 2.4, 2.5); 
isolated in excellent yields after 
silica gel purification (91–98%; 
Tables 2.4). Substrates bearing 
ically hindered ortho-substituted aryl group, such 
try 7) are efficiently alkylated. To promote the 
4b, 2.34d, 2.34g) with >98% conversion, higher 
catalyst loading (10 mol % vs 5 mol %), higher reaction temperature (22 or 4 °C vs –15 °C) and 
longer reaction time (48 or 56 h vs 2
section. Product enantiopurity suffered slightly in these cases due to adjustments in conditions so
>98
require elevated temperatures (88% and 91% ee with o-methoxyphenyl- and 
o-bromophenyl-substituted ketoimines 2.34d and 2.34g in entries 4 and 7, respectively), because more 
background reaction occurs at these elevated temperatures. 
Two single crystals have been grown for Br-containing quaternary α-amino esters 2.38g and
2.38h (entries 7 and 8, Table 2.4). And the absolute stereochemistry of products was establis
through X-ray crystallographic analyses, as illustrated in Figure 2.6. In both cases, the products’
MeO
N
OMe
aryl
O
5-10 mol %
4.0 equiv Me2Zn, tolu
aryl
ene, -15~22 oC
OMe
O
OH
N
H
H
N
NHn-Bu
i-Pr
O Bn
O
MeO
5-10 mol % Zr(Oi-Pr) .HOi-Pr4
Me NH
OMe
entry
2.24
temp (oC) conv (%);b
c d
1
6
8
10
F C H
p-BrC H
p-IC6H4 j
5
5
5
5
5
5 -15; 24
-15; 24
-15; 24
-15; 24
>98; 94
>98; 98
>98; 91
>98; 95
96
95
95
94
aryl 2.24 Zr salt time (h) yield (%) ee (%)
2
3
4
5
7
9
C6H5
1-naphthyl
2-naphthyl
o-OMeC6H4
p-OMeC6H4
p-C 3 6 4
o-BrC6H4
6 4
m-ClC6H4
a
b
c
d
e
f
g
h
i
5
10
5
10
5
10
5
7
10
7
10
5
10
5
-15; 24
4; 48
22; 56
-15; 24
4; 24
4; 24
>98; 94
>98; 91
>98; 98
>98; 91
>98; 95
>98; 98
95
92
96
88
96
91
mol % mol %
2.38
a All reactions were performed under N2 atmosphere; see the experimental secti
for details. b Determined through analysis of 400 MHz 1H NMR spectra 
of unpurified product mixtures. c Yields of products after purification. 
d Enantioselectivities were determined by chiral HPLC analysis; 
see the experimental section.
2.34
on
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stereochemical identity was 
confirmed to be of R configuration. 
Another conclusion that can be 
made is that an electron-withdrawing 
group can accelerate the 
enantioselective alkylation because of inc
Comparing the data in entries 5 an
containing the electron-withdrawing p
–15 °C (24 h), whereas 2.34e, carrying 
Similarly, catalytic alkylation of 2.34g
2.4), proceed to >98% conversion at 4 °C for 24 h, wherea
electron-donating group (OMe) at the ortho position, with the sam
be carried out at 22 oC for 56 h to achieve >98% conversion. 
At last, all of the substrates shown in  exit as mixtures of :  isomers in CDCl3 (ratio 
Figure 2.6. X-ray crystal sturcture 
and 2.38h (right).
of quaternary amino esters 2.38g (left)
reases in the electrophilici
d 6 of Table 2.4 respectiv
-trifluoromethylphenyl group
a p-methoxyphenyl group,
, bearing a bromo substituen
ty of carbon-nitrogen double bond. 
ely, reaction of ketoimine 2.34f, 
, proceeds to >98% conversion at 
 must be alkylated at 4 °C (24 h). 
t at ortho position (entry 7, Table 
s reactions for 2.34d that has a 
e 10 mol % catalyst loading, must 
All of these results demonstrate that increased substrate electrophilicity is critical to the rate of 
Zr-catalyzed AA. It also suggests that steric congestion around the chelation pocket, especially for the 
ortho positions on the aryl substituent, play an important role in the addition of the alkylating reagent 
to the sterically hindered C=N bond of the ketoimine, a process that causes substantial steric 
congestion, might be the turnover-limiting step.  
Table 2.4 Z E
ranges from 3:1 to 10:1). As discussed, intercoversion between two Z:E isomers can occur regardless 
of the substituent on aryl group. 
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Ketoimines carrying a 
heterocyclic substituent can be 
alkylated with high 
enan
exam
versus th
reacti
of the amounts of the chiral 
ligand, though most reactions 
observed under the optimized 
conditions shown in Tables 2.4 
and 2.5 are efficient enough. As represented in Table 2.6 for the conversion of ketoimine 2.34a to 
amine 2.38a, the desired product can be obtained in 92% yield and 93% ee in the presence of 1 mol % 
tioselectivity too; three 
ples are presented in Table 
e process illustrated in 
2.5. Furyl-substituted 2.38k (entry 
1, Table 2.5) and Me- and 
Boc-protected indoles 2.38l and 
2.38m (entries 2–3, Table 2.5) are 
obtained in 93–98% yield and 
91–97% ee. The lower reactivity 
exhibited in entry 2 (22 °C, 48 h), 
1
2
3
O
entry 3 (–15 °C, 24 h), is 
consistent with the suggestion that faster reaction rates should be expected when the ketoimine’s 
substituent contains an electron withdrawing group. 
Several additional points 
merit mention: (1) Useful 
vity and 
enantioselectivities can be 
achieved with further reduction 
entry
OMe
Me NH
OMe
O
product mol % mo
Table 2.5. Zr-Catalyzed AA Reactions of Aryl-Substituted
α-Ketoimine Esters with Me2Zn.a
2.24
l % 
Zr salt
temp (oC);
time (h)
conv (%);b
yield (%)c
ee (%)d
4; 24 >98; 94 945
5
5
5
7
5
22; 48
-15; 24
>98; 98
>98; 93
91
97
OMe
Me NH
OMe
ON
Me
OMe
Me NH
OMe
ON
Boc
a All reactions were performed under N2 atmosphere; see the Supporting Information
for experimental details. b Determined through analysis of 400 MHz 1H NMR spectra 
of unpurified product mixtures. c Yields of products after purification. 
d Enantioselectivities were determined by chiral HPLC analysis; see the Supporting
2.38k
2.38l
2.38m
Information for details.
N
H
H
N
O
NHBu
Oi-Pr
Bn
OH
MeO
N
MeO
OMe
O
  7 mol % Zr(Oi-Pr)4.HOi-Pr
4 equiv Me2Zn, toluene, -15 oC, 24 h
OMe
O
0.5-5 mol %
2
1
3
4
2
5
1
0.5
>98
>98
94
75
91
94
93
95
94
93
92
74
NH
entry
mol %
2.24
conv
(%)b % eed
yield
(%)c
Me
OMe
2.24
2.34a 2.38a
Table 2.6. Effect of Catalyst Loading on Zr-Cataly
a All reactions were performed under N2 atmosphere; see the Experimental Section for 
details. b Determined through analysis of 400 MHz 1H NMR spectra 
of unpurified product mixtures. c Yields of products after purification. 
d Enantioselectivities were determined by chiral HPLC analysis; see the Experimental 
Section for details
zed AA Reactions.a
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2.24 and 7 mol % Zr(Oi-Pr)4•HOi-Pr. Even after the loading for 2.24 was
the reaction still proceeds to 75% conversion, and 2.38a is isola
additional examples with substrates bearing electron-donating an
respectively are shown in Scheme 2.23. All of these transformatio
0.5 mol % of ligand 2.24 and 7 mol % Zr(Oi-Pr)4•HOi-Pr. This ob
of Zr(Oi-Pr)4•HOi-Pr in 
the reaction is the most 
influential factor in 
determining the 
reaction’s speed. This 
conclusion matches with 
the former study for asymmetric alkylation to aldimines. 
(2) The presence of the o-methoxy of the ketoimine’s N
chelation with Lewis acidic Zr salt in the proposed working mod
gener
as illustrated with N-methylimidazole-substituted 
amino ester 2.40a (Scheme 
2.24). The strong Lewis basic 
nitrogen on the imidazole ring 
replaces oxygen to bind with Zr, 
though Zr still can effectively 
activate the ketoimine substrate; 
 further lowered to 0.5 mol %, 
ted in 74% yield and 95% ee. Two 
d electron-withdrawing substituents 
ns are promoted in the presence of 
servation indicates that the amount 
-aryl group, which participates in 
el, is necessary for high conversion 
and enantioselectivity. As shown in Scheme 2.24, amino ester 2.39, resulted from alkylation reaction 
of a p-anisidine imine under the same conditions that lead to complete transformation of 2.34a to 
95% ee (entry 1, Table 2.4), is obtained in <2% ee and proceeds only 
of a competing o-chelating group, on the other hand, can also hurt 
ate 2.38a in 94% yield and 
to 50% conversion. The presence 
selectivity by changing the reaction’s pathway, 
significantly lower enantioselectivity results in the reaction (12 % ee vs 95% ee). This hypothesis is 
supported by the formation of 2.40b, exactly the same enantioselectivity and reactivity are achieved in 
OMe
O
NHMe
MeO
OMe
O
NHMe
OMe
N
NMe
OMe
O
NHMe
N
NMe
MeO
~50% conv, <2% ee >98% conv, 12%
Scheme 2.24. Effect of Chelating Heteroatom
2.39 2
 ee >98% conv, 12% ee
s on Zr-Catalyzed AA Reactions.a
a Conditions: 5 mol % 2.24, 5 mol % Zr(Oi-Pr)4.HOi-Pr, 4.0 equiv of Me2Zn, 4 oC, 24 h.
.40a 2.40b
N
H
H
N
O
NHBu
Oi-Pr
Bn
OH
MeO
Ar
N
MeO
OMe
O
  7 mol % Zr(Oi-Pr)4.HO
4 equiv Me2Zn, toluen
i-Pr
e, 24 h Ar
OMe
O
0.5 mol %
2.26e Ar = p-OMeC6H4
2.26i Ar = m-ClC6H4
Scheme 2.23. Catalytic Asymmetric Alkylation with 0.5 mol % Ligand.
NHMe
OMe
2.24
2.38e 74% conv (4 oC), 70% yield, 95%ee
2.38i 78% conv (-15 oC), 76% yield, 95%ee
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the absence of the methoxy group of o-anisidine, the heteroatom residue within the ketoimine 
substituent provide another sufficiently effective but less enantioselective chelation instead of the 
original one. Furyl-substituted 2.34k is still obtained in 94% ee (Table 2.5, entry 1), it appears that the 
influence of a heteroatom-containing group depends on the nature of the neighboring Lewis base 
(disubstituted nitrogen in imidazole ring is more Lewis basic than disubstituted oxygen in furan ring). 
2.9 Catalytic Asymmetric
with Et2Zn 
The higher reactivity o
corresponding alkylations more co
reactions have been observe
by the chiral catalyst must 
showed that the addition of Et2Zn to 2.34a in presen
 Alkylation (AA) Reactions of Aryl-Substituted α-Ketoimine Esters 
f Et2Zn comparing to Me2Zn and the existence β-hydride render the 
mplicated; significant amount side-products from background 
d in the crude mixture of the reaction. So, the desired reaction promoted 
overcome competitive non-catalytic alkylzinc additions. Our initial results 
ce of 10 mol % catalyst resulted in poor 
regios
A similar result has been reported by Professor Kozlowski when she carried out Et Zn addition 
to α-iminoesters derived from glyoxylate.29 A further survey of prior work revealed similar 
regioselectivity problems in Mg-, Al-, and Cu-mediated alkylations, all resulted in unexpected 
1,4-additions.95 
Explorations were focused on slowing down the background reaction (1,4-addition and 
reduction) and speeding up the rate of desired catalytic 1,2-addition. When the reaction is performed at 
–30 °C, <10% conversion is observed. After further reaction condition optimization (including the 
electivity, providing 1,2-addition, 1,4-addition and reduction products in nearly equal amounts 
(Scheme 2.25). Control experiments show that formation of 2.45 and 2.46 are caused by an 
uncatalyzed pathway that only requires the presence of Et2Zn (Zr salt is not needed). 
2
                                                        
95 (a) Chiev, K. P.; Roland, S.; Mangeney, P. Tetrahedron: Asymmetry 2002, 13, 2205. (b) Yamamoto, Y.; Ito, W. Tetrahedron 1988, 44, 5415. (c) 
Niwa, Y.; Shimizu, M. J. Am. Chem. Soc. 2003, 125, 3720–3721. (d) Shimizu, M.; Niwa, Y. Tetrahedron Lett.2001, 42, 2829. 
OMe
N
O
10 mol %
4.0 equiv Et2Zn, toluene, -15 oC, 24 h
OH
N
H
H
N
NHn-Bu
i-Pr
O Bn
O
MeO
10 mol % Zr(Oi-Pr)4.HOi-Pr
MeO
OMe
O
NHEt
OMe
Scheme 2.25. Initial Results for Addition of Et2Zn to Ketoimine 2.34a.
2.34a 2.44a
OMe
O
2.45a
NH
OMe
OMe
O
NEt
OMe
2.46a
+ +
racemic racemic
1,2-addition 1,4-additionreduction
95% ee
2.24
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amount of nucleophile, Zr(Oi-Pr)4•HOi-Pr loading and ligand loading), we found a moderate ratio of 
2.44a to 2.45a and 2.46a can be achieved using 20 mol % Zr(Oi-Pr)4•HOi-Pr in presence of 5 mol % 
2.24 at –15 oC with 2 equivalents of Et2Zn (Table 2.7). 
As the data 
summarized in entry 1 of
Table 2.7. Effect of N-Aryl Group on Zr-Catalyzed AA Reactions with Et2Zn.a
 
ratio of 2.44a:2.45a:2.46a 
4 delivers amino 
ester 2.44a (G = H) (93% 
ee; see Table 2.8). Only 
25% of rac-2.45a (G = H) 
 
t lead to identification of a 
pproach is to screen ketoimine substrate having different protecting groups. We 
reason
entries 2 and 3 of Table 2.7, the prese
Table 2.7 indicates, 2:1:1 
(G = H) can be obtained 
when the reaction was 
carried out under these 
optimized conditions. 
Attempts at catalytic 
alkylation of α-ketoimine 
ester 2.34a with Et2Zn and 
ligand 2.2
50% of the product mixture is generated from 1,2-addition. Also present are 
reduction product and 25% of conjugate addition product rac-2.46a (G = H). 
It should be noted that extensive ligand screening studies did no
catalyst syste 2
feren
m that promoted alkylation with Et Zn with improved product selectivity. A relatively 
broad scope of peptide ligands carrying dif t N-terminus and C-terminus has been tested, no 
significant improvement in the regioselectivity of the addition was observed.  
Another a
ed that the competitive conjugate addition pathway, if not the reduction process, might be 
rendered less favorable by electronic manipulation of the N-aryl substituent. Nonetheless, as shown in 
nce of an electron-withdrawing nitro group (2.41; entry 2) or an 
OMe
N
O
5 mol %
2.0 equiv Et2Zn, toluene, -15 oC, 24 h
OH
N
H
H
N
NHn-Bu
i-Pr
O Bn
O
MeO
20 mol % Zr(Oi-Pr)4.HOi-Pr
entry
1
2
3
4
conv (%)b
>98
>98
2.44 : 2.45 : 2.46b
50:25:25
<2:>98:<2
N-Aryl Group
65 33:33:33
67 33:66:<2
RO
G
OMe
O
NHEt
G
OR
OMe
NH
O
OR
H
G
OMe
NEt
O
ORG
MeO
N
MeO
N
OMe
MeO
N
NO2
PhO
N
2.34a
2.43
2.44a R = Me
2.44b R = Ph
2.45a R = Me
2.45b R = Ph
2.46a R = Me
2.46b R = Ph
2.41
2.42
a All reactions were performed under N2 atmosphere; see theExperimental Section for 
details. b Determined through analysis of 400 MHz 1H NMR spectra 
of unpurified product mixtures.
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electron-donating methoxy (2.42; entry 3) does not lead to higher yields of the desired product 2.44a 
(G = p-NO2 and p-OMe, respectively). When the substrate bearing a p-methoxy unit in entry 2 (2.41) 
was used as substrate, a mixture of equal amounts of the three products is generated, suggesting that 
such an electronic alteration might be reducing the rate of the desired alkylatio
electrophilicity (see above for a discussion of the effect of electron withdra
the other hand, the presence of a p-nitro group in 2.41 (entry 3) incre
significantly but only leads to the reduction product 2.45a (G = p-NO2). 
more sterically demanding oxygen substituent on the protecting group m
competitive conjugate addition (see 2.43, entry 4, Table 2.7). This predicti
<2% of 2.46b is observed when o-phenoxyimine 2.43 was used as the
presence of the larger phenoxy unit also retards the rate of 1,2-alkylatio
ability of oxygen to Zr salt. However, hydride addition becomes more
product mixture consists of secondary amine 2.45b.  
To favor the desired catalytic 1,2-alkylation pathway, slow addition
22 hours) to the substrate 2.34a has been carried out, under otherwise identi
This modification resulted in only ~50% conversion and diminished ena
93% ee) without any improvement in product regioselectivity.  
enefit of H2NPO(OEt)2 
for Et
. 
                                                       
n by reducing imine 
wing aryl substituents). On 
ases imine electrophilicity 
Finally, we reasoned that a 
ight block the direction for 
on was proven partly valid: 
 substrate (Table 2.7); the 
n by reducing the binding 
 favorable, as 66% of the 
 of the Et2Zn reagent (over 
cal conditions (Tables 2.7). 
ntioselectivity (82% ee vs 
At last, additives have been demonstrated to modulate catalytic transformation both in reactivity 
and selectivity.96 A related study completed in peptide group has shown the b
2Zn addition to α-ketoesters.36 Unfortunately, with α-ketoimine ester substrate 2.34a, the 
addition of H2NPO(OEt)2 resulted in no improvement in product regioselectivity and the same 
enantioselectivity for product 2.44a. Other additives, such as alcohols and amine bases were also 
tested and no significant improvement in product regioselectivity was observed
 
96 For a review on additives in asymmetric catalysis, see: Vogal, E. M.; Groger, H.; Shibasaki, M. Angew. Chem., Int. Ed. 1999, 38, 1570. 
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After we examined the imine protecting group and reaction conditions, we expanded the AA 
reaction of Et2Zn to other substrates. The results from the studies involving Zr-catalyzed AA reactions 
aryl
of Et2Zn and α-ketoimine esters are summarized in Table 2.8. The α-quaternary amino ester 2.44a, 
easily separated from 2.45a and 2.46a through 5% Et3N base washed silica gel chromatography, is 
OMe
N
O
5 mol %
2.0 equiv Et2Zn, toluene, -15 oC
OH
N
H
H
N
NHn-Bu
i-Pr
O Bn
O
MeO
20 mol % Zr(Oi-Pr)4.HOi-Pr
MeO
aryl
OMe
O
NHEt
OMe
aryl
OMe
NH
O
OMe
H
aryl
OMe
NEt
O
OMe
2.44
2.45 2.46
Table 2.8. Zr-Catalyzed AA of Aryl-Substituted α-Ketoimine Esters with Et2Zn.a
2.24
entry
OMe
Et NH
OMe
O
desired product
OMe
Et NH
OMe
ON
Me
OMe
Et NH
OMe
ON
Boc
time (h) conv (%) 2.44:2.45:2.46 c d
4
a All reactions were performed under N2 atmosphere; see the Experimental Section for details. b Determined 
through analysis of 400 MHz 1H NMR spectra of unpurified product mixtures; conversions relates to the formation of all three 
products (2.44-2.46). c Yields of products after purification. d Enantioselectivities were determined by chiral HPLC analysis; see 
the Experimental Section for details. nd = not determined.
b b yield of 2.44
(%)
ee of 2.44
 (%)
OMe
Et NH
OMe
O
MeO
15 >98
>98
OMe
Et NH
OMe
O
F3C
15 >98
2
3
68:16:16
4:48:48
66 95
1 50:25:25 48
nd
93
nd
4
5
56
12
>98
>98
75:12.5:12.5
56:22:22
74
52
91
96
2.44a
2.44m
2.44e
2.44f
2.44l
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obtain
of the α-quaternary amino ester versus the reduction and conjugate addition products 
(2.44e:2.45e:2.46e = 68:16:16); 2.44e is isolated in 66% yield and 95% ee after purification. In 
contrast, when p-trifluoromethyl ketoimine 2.34f serves as the substrate (entry 3, Table 2.8), only 4% 
of 2.44f is obtained; the remainder of the mixture consists of the reduced (48%) and conjugate 
addition products (48%). When the temperature was reduced to –30 °C, in hopes of slowing down the 
background reaction, the reaction mixture still consists mainly of the reduction and 1,4-addition 
products. From this comparison we can conclude that α-ketoimine esters bearing electron-donating 
group, after asymmetric alkylation with Et2Zn, results in a higher ratio of the α-quaternary amino ester 
to the reduction and conjugate addition products; and the α-ketoimine esters carrying an 
electron-withdrawing group, due to the strong background reaction, generates only the reduction and 
conjugate addition products. This scenario was repeated in the asymmetric alkylation of Me- and 
Boc-protected indole-based α-ketoimine esters with Et2Zn. Alkylation of the less reactive 
N-methylindole α-ketoimine ester (entry 4, Table 2.8) proceeds to >98% conversion in 56 hours to 
afford the desired amino ester 2.44l in 91% ee and 74% yield; The ratio of the desired 1,2-addition to 
racemic side products (including both reduction and 1,4-addition product) is 3:1. Whereas the reaction 
for Boc-protected indole α-ketoimine ester (entry 5 of Table 2.8) proceeds more readily (>98% conv 
in 12 h); 2.44m is obtained in 96% ee and 52% isolated yield, constitutes 56% of the mixture. With the 
more electrophilic α-ketoimine ester 2.34m, the background reaction become more dominant, leading 
to the relatively lower yield of the quaternary α-amino ester 2.44m. These results indicate that the rate 
of conjugate addition and reduction is determined by the electrophilicity of α-ketoimine ester, and as 
the electrophilicity of α-ketoimine ester increases, the competition between catalytic 1,2-addition 
pathway and background reaction (conjugate addition and reduction) will favor the background 
reaction.  
ed in 48% isolated yield and 93% ee.97 Reaction of p-methoxyphenyl ketoimine (2.34e), shown 
in entry 2 of Table 2.8, is relatively sluggish (15 h vs 4 h for 2.34a) but delivers a more favorable ratio 
                                                        
97 Catalytic alkylations with lower amounts of the Zr salt lead to less favorable results. For example, when 5 mol % 2.24 and 10 mol % 
Zr(Oi-Pr)4•HOi-Pr (vs 20 mol %) are used, 2.44a–2.46a are generated in nearly equal amounts. Increasing the amount of the chiral ligand is 
detrimental as well: with 10 mol % 2.24 and 10 mol % of the Zr salt, the reaction outcome is the same as mentioned above. 
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2.10 Catalytic Asymmetric Alkylation (AA) Reactions of Aryl-Substituted α-Ketoimine Esters 
with Other Dialkylzinc Reagents 
     At this point, we wanted to explore the catalytic asymmetric alkylation reaction of 
aryl-substituted α-ketoimine esters with other dialkylzinc reagents, especially for the reagents carrying 
longer carbon chains. First, we choose n-Bu2Zn as the alkylation reagent, and carried out reactions at 
–15 °C for 24 h, unfortunately, only the reduction product was observed in the reaction mixture. Next, 
we tested i-Pr2Zn in the catalytic asymmetric alkylation reaction. This resulted in low conversion 
(<20% conversion at 4 oC after 24 h) with the racemic conjugated adduct as the dominant product.  
     In addition, some other 
dialkylzinc reagents have been 
prepared freshly according to 
reported procedures (Scheme 
2.26). 98  When the freshly 
prepared dialkylzinc reagents 
2.47 and 2.48 were used in the 
catalytic asymmetric 
alkylations with 
aryl-substituted α-ketoimine 
esters 2.34a, the reaction still proceeded with high conversion at –15 °C after 24 h, but unfortunately, 
the only observed product is the reduction product 2.45a, which is generated by the β-hydride addition 
to α-ketoimine esters 2.34a. Even after the N-methylindole α-ketoimine ester 2.34l was used as the 
AcO
I + Et2Zn
neat 50 oC, 4 h
AcO
ZnEt + EtI
50 oC, 2 h
-Et Zn, -EtI
0.1 mmHg
2
AcO
Zn
2
~90% pure
BH3-DMS + BEt3
0 oC--->22 oC, 1 h
HBEt2
HBEt2 +
0 C--->22 C, 3 ho o
Zn
2
Et2B
0 oC--->22 oC, 12 h
Et2B + Et2Zn
neat
Scheme 2.26. S
>90% pure
ynthesis of Other Dialkylzinc Reagents.
2.47
2.48
toluene, -15 oC, 24 h
OH
N
H
H
                                                        
98 (a) Soorukram, D.; Knochel, P. Org. Lett. 2007, 9, 1021–1023. (b) Bausch, C. C.; Johnson, J. S. J. Org. Chem. 2008, 73, 1575–1577.      
(c) Raminelli, C.; Jr., J. G.; Silveira, C. C.; Comasseto, J. V. Tetrahedron. 2007, 63, 8801-8809. 
AcO
Zn
2
Zn
2
2.48, 2 equiv
or
2.47, 2 equivOMe
N
O
5 mol %
N
NHn-Bu
i-Pr
O Bn
O
MeO
20 mol % Zr(Oi-Pr)4.HOi-Pr
MeO
Scheme 2.27. Catalytic Asymmetric Addition of 2.47 or 2.48 to 2.34l.
2.34l
OMe
O
NH
OMe
N N
Me
2.24
Me
+
2.45l, racemic
 91
substrate, which resulted in the highest ratio of desired 1,2-addition product to reduction and 
1,4-addition product, the catalytic asymmetric alkylation reaction still provided only the reduction 
at 
proved effective for 
transformations of 
α-ketoimine esters, 
promotes an 
enantioselective, albeit 
inefficient, alkylation. 
Thus, as shown Scheme 
2.28, subjection of 
ketoimine 2.49a to the 
catalytic alkylation 
hours at 22 
affording 2.50a in 
ee. 
                                                       
product 2.45l (Scheme 2.27). 
2.11 Catalytic Asymmetric Alkylation (AA) Reactions of Aryl-Substituted Trifluoromethyl 
Ketoimines 
Next, we investigated whether the current catalytic methodology can be applied in reactions of 
another noteworthy (and the only previously reported) class99 , 100  of substrates: trifluoromethyl 
ketoimines. Initial studies showed that the previously used chiral ligand 2.24, under the conditions th
conditions described 
above leads to less than 
20% conversion after 48 
°C, 
92% 
 
99 For an example of a medicinally relevant agent with a trifluoromethyl-substituted tertiary carbinol, see: (a) Pierce, M. E.; Parsons, R. L.; 
Radesca, L. A.; Lo, Y. S.; Silverman, S.; Moore, J. R.; Islam, Q.; Choudhyry, A.; Fortunak, J. M. D.; Nguyen, D.; Luo, C.; Morgan, S. J.;
W. P.; Confalone, P. N.; Chen, C.; Tillyer, R. D.; Frey, L.; Tan, L.; Xu, F.; Zhao, D.; Thompson, A. S.; Corley, E. G.; Grabowski, E. J. J.; 
R.; Reider, P. J. J. Org. Chem. 1998, 63, 8536–8543.  For a general discussion regarding the significance of F-containing molecules to modern 
medicine, see: (b) Muller, K.; Faeh, C.; Diederich, F. Science 2007, 317, 1881–1886. 
100 For catalytic asymmetric protocols that afford trifluoromethyl-substituted tertiary alcohols (in addition to ref. 6), see: (a) Mikami, K.; Itoh, 
ngew. Chem., Int. Ed. 2007, 46, 8666–8669. 
 Davis, 
Reamer, 
Y.; Yamanaka, M. Chem. Rev. 2004, 104, 1–16. (b) Ma, J.–A.; Cahard, D. Chem. Rev. 2004, 104, 6119–6146. (c) Tur, F.; Saà, J. M. Org. Lett. 
2007, 9, 5079–5082. (d) Ogawa, S.; Shibata, N.; Inagaki, J.; Nakamura, S.; Toru, T.; Shiro, M. A
CF3
N 10 mol
10 mol %
4.0 equiv Me2
 % chiral ligand
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NHn-Bu
Cl
OH
i-Pr
O Bn
O
Cl
N
H
H
N
NHn-Bu
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17  conv, 92% ee% 18% conv, 98% ee
47% conv, >98% ee 62% conv, >98% ee
34% conv, 97% ee 95% conv, >98% ee
55% conv, 98% ee 16% conv, 95% ee
Me
2.49a
2.24
2.52
2.54 2.55
Scheme 2.28. Sc
2.50a
2.51
2.53
2.56 2.57
reening of Chiral Ligands for Catalytic AA Reactions of
Trifluoromethylketoimines with Me Zn.2
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To improve the speed of the catalytic reaction, a small selection of chiral ligands bearing 
different N-terminal aromatic moieties have been tested in asymmetric alkylation reactions. 
Modification of the N-terminal aromatic moiety: First, it can retain the peptide part composed by two 
inexpensive commercially available valine and phenylalanine amino acids, which introduce the 
chiral
catalytically reactive during the reaction process.  
The results of these studies are summarized in Scheme 2.28. Most hy
effective in promoting the reaction’s conversion and enantioselectivit
electron-donating (and possibly chelating) group ortho to the hydroxyl unit g
in enantioselectivity but causes little change in efficiency (ligand 2.51, Sch
hand, incorporation of halides at the C2 and C4 carbons of the aryl group le
with chiral ligand 2.53 (Scheme 2.20), bearing a dibromophenyl group
conversion is observed and the desired product is generated with improved en
ee). Modified ligands 2.54 and 2.56, containing the more electron-withdraw
be more effective (vs 2.24), but neither is superior to 2.53. To determine whet vity of 
2.53 arises from steric factors, the catalytic AA reaction was performed with 2.
which proved optimal, affording 95% conversi o enantiomerically pur
relative ineffectiveness of 2.57 suggests that the large group adjacent to th
might be crucial for high catalyst activity. 
ity to the amine products. Second, electron density modifications to N-terminus’s aromatic 
moiety can increase the Lewis acidity of the Zr, which can consequently activate the imine substrate 
more effectively. Third, steric modification around the chelating hydroxyl unit will diminish the 
possibility of forming a dimer complex (1:2, Zr vs peptide ligand), which is not likely to be 
potheses are proved to be 
y. The presence of an 
ives rise to enhancement 
eme 2.28). On the other 
ads to higher conversion; 
 at its N-terminus, 62% 
antiomeric purity (>98% 
ing nitro groups, prove to 
her the higher acti
55 (Scheme 2.28), 
e 2.50a (>98% ee). The 
e chelating hydroxyl unit 
on t
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 The data in Table 2.9 illustrate that reactions of trifluoromethyl ketoimines having different 
substituents on the aromatic ring, including heteroaromatic ketoimines, can be performed to afford the 
tertiary amines with high enantioselectivity (96–>98% ee) and in good yields (66–96%) after 
purification. The aromatic imines 
having electron-withdrawing 
substituents, such as bromo and 
methyl ester groups, smooth
Table 2.9. Zr-Catalyzed AA Reactions of Trifluoromethylketoimines with Me2Zn.a
ly gave 
 at 60 °C (48 h). The influence of ketoimine electrophilicity 
to alkylation efficiency is consistent with observations regarding transformations of α-ketoimine 
esters (see Table 2.4 and related discussion). As illustrated in entry 6 of Table 2.9, trifluoroketoimine 
2.49f, which bears a heterocyclic indole substituent, undergoes reaction to afford 2.50f in 96% yield 
and 98% ee. The absolute stereochemistry of tertiary amine 2.50a was identified to be R, by 
comparison of the optical rotation value for the deprotected free amine with the previously reported 
result.101 The same absolute chemistry obtained for tertiary amine 2.50a and quaternary α-amino ester 
2.44a suggests that aryl-substituted trifluoromethyl ketoimines and aryl-substituted α-ketoimine esters 
                                                       
the corresponding amines in 
moderate yield (70-92%) with high 
ee values (96–>98% ee) (entry 2 
and 3, Table 2.9). On the other 
hand, ketoimine carrying an 
electron-donating group need 
elevated temperatures to achieve 
moderate conversion. Catalytic 
alkylation of 2.49d is performed at 
40 °C to achieve 70% conversion after 48 hours (entry 4, Table 2.9); tertiary amine 2.50d is isolated 
in 66% yield and >98% ee after silica gel chromatography. In the case of 2.49e (entry 5, Table 2.9), 
where diminished ketoimine electrophilicity is combined with the steric hindrance of an o-methoxy 
substituent, alkylation is not observed even
 
101 Ishii, A.; Miyamoto, F.; Higashiyama, K.; Mikami, K Tetrahedron Lett. 1998, 39, 1199-1202. 
aryl CF3
N
10 mol % Zr(Oi-Pr)4.HOi-Pr
4.0 equiv Me2Zn, toluene, 22 C, 48 ho
MeO
aryl CF3
NH
OMe
Me
N
H
H
N
NHn-Bu
OH
2.39 2.40
t-Bu
t-Bu
O
Oi-Pr
Bn
10 mol %
entry aryl
2 6 4
conv (%) yield (%) ee (%)
1
2
3
4
5
6
C6H5
p-BrC6H4
p-CO MeC H
p-OMeC6H4
o-OMeC6H4
a
b
c
d
e
f
b c d
N
Boc
95
94
74
70
<2
93
92
70
66
- -
>98
>98
96
>98e
98>98 96
a All reactions were performed under N2 atmosphere; see the Supporting Information
b 1
of unpurified product mixtures. c Yields of products after purification. 
d Enantioselectivities were determined by chiral HPLC analysis; see the Supporting
Information for details.  Reaction performed at 40 C.
for details.  Determined through analysis of 400 MHz H NMR spectra 
e o
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proceed through similar working models. 
2.12 Synthesis of Alkyl-Substituted α-Ketoimine Esters 
     Compared with aryl-substituted α-ketoimine esters, synthesis of alkyl-substituted α-ketoimine 
oesters are usually less electrophilic 
conditions in presence or absence of 
eld of aryl-substituted α-ketoimine 
ine esters. Second, because of the 
ct of the o-anisidyl unit, the reaction 
coupling products (e.g., aldol- and 
n the reaction.  
reagents to alkyl-substituted aldimines. Unfortunately, no desired alkylation product was observed in 
the NMR of the unpurified crude mixture. 
     After extensive literature search, we decided to carry out the synthesis of alkyl-substituted 
ester is less efficient. That is because; first, alkyl-substituted α-ket
than aryl-substituted α-ketoesters. Even Dean-Stark condensation 
5 % toluenesulfonic acid, which provided moderate to good yi
esters, did not cause conversion to alkyl-substituted α-ketoim
presence of the acidic α-protons, together with the activating effe
leads to formation of the enamines and the corresponding homo
Mannich-type additions)102 if the imine substrate can be prepared i
     To circumvent the above complication, we set out to examine the possibility of three 
components asymmetric amine synthesis involving imine formation from alkyl-substituted 
α-ketoesters and o-anisidine, followed by in situ catalytic alkylation (Scheme 2.29). This strategy has 
been applied successfully in the previous study of catalytic asymmetric addition of dialkylzinc 
 
                                                        
rom this class of side reactions. 102 Small peaks observed in the crude NMR of unpurified Dean-Stark reaction mixture may come f
Figure 2.7. Staudinger Reaction.
N3
+ Ph3P
-N2 N PPh3
+ Ph3P
-N2N3
O
N
O
PPh3
phenyl azide benzoyl azide
R N N N + PX3
solvent
R N N N PX3
-N2
R N PX3
phosphazide Iminophosphorane(aza-ylide)
Staudinger 1919
MeO
H2N 10 mol % Zr(Oi-Pr)4.HOi-Pr
N
H
H
N
NHn-Bu
OH
i-Pr
O Bn
O
MeO
4 equiv Me2Zn or Et2Zn, toluene, 22 oC,
24 h
10 mol %
Scheme 2.29. Single-vessel, three-Component Catalytic Asymmetric Alkylation to Alkyl-Substituted α-Ketoimine
Esters.
OMe
O
O
+ OMe
R NH
OMe
O R = Me or Et
not observed
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α-ketoimine esters according to a recently reported procedure.103 Utilizing an aza-Wittig reaction of 
 alkyl-substituted α-ketoimine esters, even 
2-methoxyaniline. 
After the reaction, the solution of 
alkyl-substituted α-ketoimine esters such as 
2.59a are treated through a simple aqueous wash (largely to remove trimethylphosphine oxide), and 
t 2.59 in a high degree of purity. The crude 
tography. All α-ketoimine esters (alkyl- and 
aza-Wittig 
reaction, makes the synthesis of α-ketoimine esters (alkyl- and aryl-substituted) proceed smoothl
finish in 0.5 hour. Some aryl-substituted α-ketoimine esters, which can not be prepared by Dean-Sta
condensation method, such as furyl-substituted α-ketoimine esters 2.34k, can also be obtained by
phosphazenes with α-ketoesters, high-yielding synthesis of
in gram-scale, can be achieved. The first step of this procedure is a known transformation: the 
Staudinger reaction,104 which uses organic azides with trivalent phosphorus compounds (e.g., trialkyl- 
or triarylphosphines) to afford the corresponding aza-ylides (Figure 2.7).  
The route shown in Scheme 2.30 
represents a typical procedure to synthesize 
alkyl-substituted α-ketoimine ester; 2.49a 
can be synthesized in gram scale from 
commercially available 
MeO
H2N
6N HCl, 1.5 equiv NaNO2,
0 oC, 30 min;
aq. NaN3, 0 oC, 1 h
MeO
N3
then are concentrated to provide the neat crude produc
product can not be purified by silica gel chroma
form P=O in 
aryl-substituted) can be stored at –30 °C for several months without significant hydrolysis or 
decomposition.  
     The strong 
driving force to 
y and 
rk 
 this 
novel method (Scheme 2.31).  
                                                        
103 Palacios, F.; Vicario, J.; Aparicio, D. J. Org. Chem. 2006, 71, 7690–7696. 
104 (a) Staudinger, H.; Meyer, J. New organic compounds of phosphorus. III. Phosphinemethylene derivatives and phosphinimines. Helv. Chim. 
Acta 1919, 2, 635-646. (b) Stuckwisch, C. G. Azomethine yildes, azomethine imines, and iminophosphoranes in organic synthesis. Synthesis 
1973, 469-483.  
>98% yield
1.0 equiv PMe ,
CH2Cl2, 0 oC, 30 min;
3
Me
OMe
O
O
1.0 equiv
0 oC, 30 min
Me
OMe
N
O
MeO
86% yield
(1.09 g)
(1.79 g)
Scheme 2.30. Representative Synthesis of an α-Ketoimine Ester with
Aza-Wittig Reaction.
2.58
2.59a
MeO
N3 CH2Cl2, 0 
oC, 30 min, N2
Scheme 2.31. Synthesis of an α-Ketoimine Ester 2.34k with Aza-Wittig Reaction.
O OMe
O
OMeO
N
PMe3
1.0 equiv
1.0 equiv PMe3
O OMe
N
O
MeO
2.3
8
4k
5% yield after two steps
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2s the typical substrate. In 
presence of various amounts of ligands 2.24 or 2.55, alkylatio
different conditions was systematically investigated (Ta
with 10 mol % 2.24, catalytic AA proceeds to 93% conv
2.60a in 74% ee and 85% isolated yield. To improve sel
(entry 1, Table 2.10), resulting in only 20% conversio
Chiral ligand 2.55, instead of 2.24, used under identica
alkylation reaction with 93% conversion to afford 2.6
amount of chiral ligand 2.55 
to 2 mol % (entry 6), however, 
there is 49% conversion after 
24 hours and 2.60a is isolated 
in only 31% yield (but still in 
Me
.13 Identification of an Optimal Chiral Ligand for Catalytic Asymmetric Alkylation (AA) 
Reactions of Alkyl-Substituted α-Ketoimine Esters 
As the first step in examining catalytic enantioselective alkylations of alkyl-substituted 
ketoimines, we set up a model study to explore the effectiveness of the two chiral ligands identified as 
optimal in the previous studies. α-Ketoimine ester 2.59a was selected a
n of substrate 2.59a with Me2Zn under 
ble 2.10). As shown in entry 2 of Table 2.10, 
ersion at 4 °C after 24 hours to afford amine 
ectivity, the reaction was performed at –15 °C 
n to 2.60a with the same enantioselectivity. 
l conditions at 4 °C (entry 3), promotes the 
0a with significant higher enantioselectivity 
(93% ee vs 74% ee). As the data in entries 4–5 of Table 2.10 indicate, when the Zr-catalyzed AA is 
carried out with 5 mol % chiral ligand loading (4 °C, 24 h), the desired product is still obtained in 
useful yields (69–73%) and in 
92% ee. To further lower the 
Table 2.10. Initial Screening Studies for Zr-Catalyzed AA Reactions
α a
93% ee).  
N
O
OMe
MeO
OH
N
H
H
N
NHn-Bu
i-Pr
O Bn
O
t-Bu
Me
O
OMe
t-Bu
Ligand:
OH
N
H
H
N
NHn-Bu
i-Pr
O Bn
O
MeO
2.24
entry
1
2
5
3
4
6
2.24
2.24
2.55
2.55
2.55
2.55
-15
4
4
4
4
4
10
10
5
10
5
2
10
10
5
10
10
~20
93
81
93
84
/
85
69
83
73
73
74
92
93
92
2.55
ligand temp
(oC)
ligand
(mol %)
Zr salt
(mol %)
conv
(%)b
yield
(%)c
ee
(%)d
10 49 31 93
4.0 equiv Me2Zn, toluene, 24 h
5 - 10 mol % Zr(Oi-Pr)4.HOi-Pr
2 - 10 mol % peptedic ligand
NHMe
OMe
2.59a 2.60a
of Alkyl-Substituted -Ketoimine Esters with Me2Zn.
a All reactions were performed under N2 atmosphere; see the Experimental Section
for details. b Determined through analysis of 400 MHz 1H NMR spectra 
of unpurified product mixtures. c Yields of products after purification. 
 the Experimentald Enantioselectivities were determined by chiral HPLC analysis; see
Section for details.
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2.14 Catalytic Asymmetric Alkylation (AA) Reactions of Alkyl-Substituted α-Ketoimine Esters 
     A range of alkyl-substituted α-ketoimine esters have been investigated in Zr-catalyzed AA with 
Me2Z
82
su
no
aft
 in
 o-
aqueous wash owed by 
the catalytic AA n. 
In addition, tion of 
α-ketoimine esters 2.59h 
and subsequent reaction of 
n (Table 2.11). Reactions of substrates bearing an n-alkyl group (entries 1–3, Table 2.11), as 
well as those that carry a substituent with a β branch (entry 4) proceed to >90% conversion within 24 
hours at 4 °C to afford 
α-quaternary amino esters in 
86–93% ee and 52–85% isolated 
yield after silica gel 
chromatography. On the other 
hand, ketoimines that bearing an 
α-branched alkyl group (entries 
5–6, Table 2.11), are alkylated 
at a reduced rate; nonetheless, 
2.60e and 2.60f are obtained in 
–83% ee. For t-butyl 
bstituted α-ketoimine esters, 
 transformation is observed 
er 120 hours at 22 oC. What 
 near the imine diminishes the 
 Table 2.10 correspond to a 
methoxyphenylazide 2.58 (see 
we can conclude from these results at increa d steric co
rate for Zr-catalyzed AA. The yields of ucts shown
two-step process involving synthesis of the requisite ketoimine from
Scheme 2.30), simple 
is th se ngestion
purified prod
, foll
 reactio
alkyla
N
10 mol %
4.0 equiv Me2Zn, toluene, 4 oC, 24 h
OH
N
H
H
N
NHn-Bu
i-Pr
O Bn
O
t-Bu
OMe
10 mol % Zr(Oi-Pr)4.HOi-Pr
t-Bu
O
OMe
generated in situ
MeO
O
N
O
MeO
CO2Me
Me
63% overall yield
 79% ee
2.55
2.59h 2.60h
Scheme 2.32. Zr-Catalyzed AA of Alkyl-Substituted α-Ketoimine Esters with Me2Zn
Con ocycles.to Directly Generate Enantiomerically Enriched N- taining Heter
alkyl
N 10 mol %
4.0 equiv Me2Zn, toluene, 4-22 oC, 24-120 h
alkyl
OH
N
H
H
N
NHn-Bu
i-Pr
O Bn
O
t-Bu
OMe
10 mol % Zr(Oi-Pr)4 HOi-Pr
Me
.
NH
OMe
t-Bu
O
OMe
O
OMe
generated in situ
6
2.55
2.59 2.60
entry
1
2
3e
4
5e
product
n-Pr
Ph
i-Bu
i-Pr
a
b
c
d
e
temp (oC);
time (h)
4; 24
4; 48
4; 24
4; 24
22; 120
conv (%);b
yield (%)c
93; 85
>98; 56
>98; 52
94; 74
52; 38
ee (%)d
93
86
86
87
82
Cy f 22; 120 62; 58 83
Table 2.11. Zr-Catalyzed AA of Alkyl-Substituted α-Ketoimine Esters with Me2Zn.a
a All reactions were performed under N2 atmosphere; see the Experimental Section
for details. b Determined through analysis of 400 MHz 1H NMR spectra 
of unpurified product mixtures. c Yields of products after purification. Yields are overall
for two steps starting with aryl azide 2.58 and synthesis of ketoimine esters.
d Enantioselectivities were determined by chiral HPLC analysis; see the Experimental 
Section for details. e Reaction performed on the derived ethyl ester.
7 t-Bu g 22; 120 0; nd nd
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the resulting metal amide with the neighboring carboxylic ester leads to five-membered ring lactam 
The first point we considered is whether we can carry out the catalyti
4.0 equivalents of Me2Zn is 
 
e  
2.60h, isolated in 63% yield after silica gel purification and in 79% ee. 
2.15 Studies on the Practical Utility of Zr-Catalyzed AA Reactions    
The utility is an issue that should be considered when developing a new synthetic methodology. 
c AA reaction in large scale. Thus, 
as shown in Scheme 
2.33, reactions can be 
performed on 
gram-scale to obtain 
quaternary α-amino 
esters in high yield 
sufficient for achieving high 
conversion, though longer 
reaction time is needed (30 h 
vs 24 h). The product 
purified by column
chromatography, after one 
simple precipitation is 
nantiomerically pure
(>98% ee) and obtained in 
(84%) and enantiomeric 
purity (96% ee). Because the 
moisture for large scale 
reaction is not as serious as 
that for small scale reaction, 
1.5 equivalents instead of 
OMe
N
O
5 mol %
1.5 equiv Me2Zn, -15 oC, 30 h, 
0.2 M in toluene
OMe
O
OH
N
H
H
N
NHn-Bu
i-Pr
O Bn
O
MeO
5 mol % Zr(Oi-Pr)4.HOi-Pr
94% conv, 84% yield, 96% e
After precipitation with EtOAc/pet. eth
77%
e
er (22 oC)
yield, >98% ee
4 mmol
(1.08 g)
MeO
NHMe
OMe
2.24
2.34a 2.
Scheme 2.33. Zr-Catalyzed AA Reaction Performed on Gram-Scale.
38a
N
H
H
N
O
NHn-Bu
Oi-Pr
Bn
OH
MeO
N
MeO
OMe
O
  5 mol % Zr(Oi-Pr)4.HOi-Pr
HN
MeO
OMe
O
Me
Z/E ratio = 7 : 1
5 mol %
3 toluene : Et2O (1 : 1)
conva
(%)
93
40
91
% eeb
94
84
95
ZnCl2 + 2 MeLi
entry
1
2
solvent
toluene
Et2O
Et2O, 22 oC
Me2Zn 2 LiCl+
4 equiv Me2Zn, -15 oC, 24 h
in situ
N
H
H
N
O
NHn-Bu
Oi-Pr
Bn
OH
MeO
N
MeO
OMe
O
  5 mol % Zr(Oi-Pr)4.HOi-Pr
HN
MeO
OMe
O
Me
5 mol %
4 equiv Me2Zn (in situ), -15 oC, 24 h
toluene : Et2O, 1 : 1Z/E ratio = 7 : 1 10~>98% conversion
<2% ee
Scheme 2.34. Solvent Screen for AA Reaction and Attempts to Generate Me2Zn in situ.
2.38a
2.24
a Determined through analysis of 400 MHz 1H NMR spectra 
of unpurified product mixtures (CDCl3). 
b Enantioselectivities were determined by chiral HPLC analysis
2.34a
2.24
2.34a 2.38a
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77% yield (Scheme 2.33). The preparation of chiral ligand is also simple; chiral ligand used to 
promote catalytic AA reactions, can be readily prepared from two commercially available and 
 attributes. Dipeptides 2.24 
and 2.
Perhaps the only aspect of the present protocol that is less econom
relatively high cost of dialkylzinc reagents. To address this issue, we carri
Scheme 2.34. After solvent screen, we found replacing the neat, comm
expensive Me2Zn reagent by in situ generated Me2Zn solution in Et2O i
catalytic reaction carried out in Et2O resulted in lower conversion 
enantioselectivity (84% ee), quaternary α-amino ester 2.38a can still b
d enantioselectivity (95% ee) if the catalytic AA reaction was carried 
ed by toluene and Et2O in 1:1 ratio. Me2Zn reagents can be prepared 
nding MeLi with ZnCl2 in Et2O.105 After removal of the precipitated 
 solution in Et2O can be obtained. Attempts to replace the neat Me2Zn 
solution in Et2O resulted in variable conversions and complete lack of 
eme 2.34). We think the remaining LiCl and the unreacted MeLi in the 
s the loss of enantioselectivity.  
                                                       
inexpensive amino acids and salicyl aldehydes that benefit from the same
55 are synthesized in four steps and 40 to 60% overall yield without the need for silica gel 
chromatography; ligands are purified through simple precipitations. 
ically attractive is the 
ed out studies shown in 
ercially available, but 
s possible. Though the 
(40% conversion) and 
e delivered with high 
conversion (91% conversion) an
out in mixed solvent compos
through reaction of the correspo
LiCl, a relatively clean Me2Zn
with in situ generated Me2Zn 
enantioslectivity (<2% ee) (Sch
prepared Me2Zn solution cause
 
105 (a) Bausch, C. C.; Johnson, J. S. J. Org. Chem. 2008, 73, 1575–1577.  
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2.16 Removal of the N-aryl group 
     o-Anisidyl group used as imine protecting groups in this study, provides an important advantage: 
the electron-donating ability stabilizes the C=N bond, allowing alkyl- as well as aryl-substituted 
ketoimine to be prepared and used in catalytic transformation; and in the reaction process, after Zr 
chelating with oxygen on o-anisidyl group, Zr becomes more Lewis acidic and can subsequently 
activa
Scheme 2.35 illustrate, 
products from catalytic AA 
reaction involving aryl- or 
alkyl-substituted ketoimine 
can be converted to unmasked 
free amines 2.61–2.63 in 
>70% isolated yield. 
Compared to the deprotection 
reaction carried out for aldimines’ alkylation products, longer reaction time and higher temperature are 
                                                       
te the imine substrate more efficiently.106 On the other side, removal of o-anisidyl group requires 
oxidative procedures, an attribute that might be viewed as less attractive than imines having protecting 
group/activating groups that are converted to unmasked amines upon subjection to hydrolytic 
conditions.22  
We have reported previously that o-anisidine groups can be removed oxidatively to afford the 
corresponding amines or related derivatives in 65–80% yield.18 One possible complication is that, with 
quaternary amino esters, the increase in steric congestion around nitrogen could significantly lower the 
rates of oxidative deprotection; these concerns arise from the accepted mechanism for such oxidations 
performed in the presence of PhI(OAc)2, which is often the optimal oxidant. 107  In such 
transformations, it is likely that the reaction is initiated through displacement of an acetate group of 
the iodoacetate by the aniline 
nitrogen. As the examples in 
 
106 (a) See ref 24. (b) Josephsohn, N. S.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 3734–3735. 
107 (a) Moriarty, R. M.; Vaid, R. K.; Duncan, M. P.; Ochiai, M.; Inenaga, M.; Nagao, Y. Tetrahedron Lett. 1988, 29, 6913–6916.  For an 
Kitamura, T.; Fujiwara, Y. Org. Prep. Proc. 1997, 29, 409–458. overview of the utility of hypervalent reagents in organic synthesis, see: (b) 
OMe
O
 4.0 equiv PhI(OAc)2, 
MeOH:CH2Cl2 (8:5), 22 oC, 24 h; OMe
O
73% yield
 Na2CO3, PH = 10, CH2Cl2
NH
 HCl (1 M), 22 oC, 2 h;
Me
OMe
NH2Me
Scheme 2.35. Removal of N-aryl group.
OMe
O
 4.0 equiv PhI(OAc)2, 
MeOH:CH2Cl2 (8:5), 22 oC, 24 h; OMe
O
90% yield
 HCl (1 M), 22 oC, 2 h;
 Na2CO3, PH = 10, CH2Cl2
NHMe
OMe
NH2Me
CF3
 4.0 equiv PhI(OAc)2, 
MeOH:CH2Cl2 (8:5), 22 oC, 24 h;
84% yield
 HCl (1 M), 22 oC, 2 h;
 NaOH (1 M), PH > 10;
 2 M HCl in Et2O
NHMe
OMe
NH3.ClMe
CF3
2.61
2.62
2.63
2.38a
2.60c
2.50a
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generally needed. We gain extra stability from o-anisidine protecting group for the ketoimine 
functional groups that can be utilized, 
catalytic AA products offers opportunities 
for a variety of functionalization procedures; 
representative examples are shown in 
Scheme 2.37. The ester group can be 
cleanly reduced to afford the α-quaternary 
substrates, so we have to pay the price, utilizing 4.0 equivalents relatively expensive PhI(OAc)2 to 
remove it. 
2.17 Functionalization of α-Quaternary Amino Esters obtained through Zr-Catalyzed AA 
Reactions 
The catalytic protocols involving 
alkyl-substituted ketoimines introduce 
the possibility for incorporation of 
Scheme 2.36. Application to Synthesis of Enantiomerically
Enriched N-Containing Heterocycles.
in conjunction with the nucleophilic 
amine on the product, towards 
synthesis of enantiomerically enriched 
cyclic N-containing molecules. An example 
is presented in Scheme 2.36; preparation of 
the allylamine derived from unsaturated 
amino aldehyde in quantitative yield after 
amino ester 2.60b followed by catalytic 
ring-closing metathesis promoted by 2 mol 
% Ru carbene 2.64 108  furnishes azacene 
2.65 in 81% overall yield (86% ee).  
The carboxylic ester residue on 
                                                        
108 Garber, S. B.; Kingsbury, J. S.; Gray, B. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2000, 122, 8168–8179. 
O
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Me NH
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N NMes
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Oi-Pr
2 mol %
CH2Cl2, 40 oC, 5 h; 
88% 
2,
yield
CO2Me
81% overall yield
(86% ee)
2.64
2.65
60b2.
O
OMe
Me NH
OMe
(94% ee)
2.0 equiv LiAlH4
THF, 0-22 oC, 4 h
OH
Me NH
OMe
>98 % yield
1, 1.5 equiv MsCl,
quiv Et N, CH Cl ,
0-22 oC, 3 h
2, 3.0 equiv K CO
DMF, 22 oC, 12 h
2.0 e 3 2 2
2 3
74% overall yield (94% ee)
NMe OMe
O
OMe
Me NH
OMe
(94% ee)
2.0 equiv DIBAL-H
toluene, - o78 C, 1 h
O
H
Me NH
OMe
>98 % yield
1.15 equiv
tO2CCH2PO(OEt)2
22 oC, 12 h
E
2.0 equiv NaH, THF,
Me NH
OMe
OEt
O
87% yield (94% ee)
2.38a
2.67
2.38a
2.66
2.68
2.69
Scheme 2.37. Reduction of Catalytic AA Products and Representative
Functionalizations.
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treatment with DIBAL-H at -78 oC (e.g., 2.66), as the adjacent o-anisidine group provides a good 
environment for chelation with Al and subsequently prevent over-reduction. The generated amino 
7, a γ-amino ester, can be further manipulated by diastereoselective conjugate addition 
proce
Compared to amino aldehydes, the corresponding α-q
obtained upon subjection of the AA product with LAH (>98%
2.68, after altering the hydroxyl group to a good leaving
cyclization, affords aziridine 2.69 in 74% overall yield (and 9
no general catalytic asymmetric aziridination110 protocols t
versatile small-ring heterocycles such as 2.69. 
2.18 Mechanistic Models 
e of 
odel 
orted 
mino 
chiral ligands. 111  As illustrated by 
comp
nt 
. The 
ely 
aldehydes, can be converted to allylic amine 2.67 in 87% yield by a Horner-Emmons reaction.109 
Product 2.6
sses.  
uaternary amino alcohol (e.g., 2.68) is 
 yield after purification). Amino alcohol 
 group, followed by an intramolecular 
4% ee). It should be noted that there are 
hat can be used to access synthetically 
To explain the stereochemical outcom
the catalytic process, a plausible working m
has been proposed based on previously rep
mechanistic models of this class of a
acid-based 
lex I in Figure 2.8, the catalytic AA reactions 
proceed through a reactive complex consiste
with previously reported mechanistic models
o-methoxy group of the N-activating unit, lik
                                                        
109 For recent reviews: (a) Minami, T.; Okauchi, T. Kouno, R. Sy
2826–2830. 
M. J. Am. Chem. Soc. 1993, 115, 5328–5329. (b) Li, Z.; Conser, K
Andersson, P. G.; Harden, A.; Somfai, P. Tetrahedron Lett. 1994, 
Chem. Lett. 2003, 32, 354–355. (e) Liang, J-L.; Yuan, S-X.; Chan
L.; Jiao, P. Chem. Commun. 2004, 1616–1617. (g) Fioravanti, S.; Mas
M. Tetrahedron Lett. 2004, 45, 8987–8990. (j) Fruit, C.; Müller, P. 
J. Org. Chem. 2005, 70, 10155–10158. (l) Murugan, E.; Siva, A. Sy
Y-M.; Zhao, M-X.; Shi, Y. Angew. Chem., Int. Ed. 2006, 45, 8005–8008. (p) Armstrong, A.; Baxter, C. A.; Lamont, S. G.; Pape, A. R.; 
Wincewicz, R. Org. Lett. 2007, 9, 351–353. 
nthesis 2002, 579-594. (b) Prunet, J. Angew. Chem., Int. Ed. 2003, 42, 
110 For studies on catalytic asymmetric aziridination reactions, see: (a) Evans, D. A.; Faul, M. M.; Bilodeau, M. T.; Anderson, B. A.; Barnes, D. 
. R.; Jacobsen, E. N. J. Am. Chem. Soc. 1993, 115, 5326–5327. (c) Tanner, D.; 
35, 4631–4634. (d) Omura, K.; Murakami, M.; Uchida, T.; Irie, R.; Katsuki, T. 
, P. W. C.; Che, C-M. Tetrahedron Lett. 2003, 44, 5917–5920. (f) Xu, J.; Ma, 
cia, M. G.; Pellacani, L.; Tardella, P. A. Tetrahedron 2004, 60, 8073–8077. 
(h) Kwong, H-L.; Liu, D.; Chan, K-Y.; Lee, C-S.; Huang, K-H.; Che, C-M. Tetrahedron Lett. 2004, 45, 3965–3968. (i) Redlich, M.; Hossain, M. 
Tetrahedron: Asymmetry 2004, 15, 1019–1026. (k) Ma, L.; Du, D-M.; Xu, J. 
nthesis 2005, 2022–2028. (m) Ma, L.; Jiao, P.; Zhang, Q.; Xu, J. 
Tetrahedron: Asymmetry 2005, 16, 3718–3734. (n) Kawabata, H.; Omura, K.; Katsuki, T. Tetrahedron Lett. 2006, 47, 1571–1574. (o) Shen, 
111 For example, see: (a) Josephsohn, N. S.; Kuntz, K. W.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2001, 123, 11594–11599. (b) 
Carswell, E. L.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2006, 45, 7230–7233. 
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Figure 2.8. Proposed Model for Zr-Catalyzed AA Reactions.
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participates in a two-point chelation with the transition metal Zr, which has been discussed according 
to the data in Scheme 2.24. The Lewis acid Zr becomes more acidic after binding with o-methoxy and 
imine nitrogen, and subsequently can activate the C=N more effectively. Previous studies also have 
explai
 the chiral ligand causes the ketoimine substrate to 
roup to avoid steric repulsion. As was suggested before, it is plausible that 
the am
ulting in a more favorable complex caused by 
e ligand. Compared to catalytic AA reactions of 
of the α-ketoimine ester ith the Zr center may 
dity for Zr center. To achieve these 
proceeds through the the lly less 
 It has already been mentioned that ketoimine 
th the chiral ligand m  lead to alteration of the 
 is therefore plausible that it is the less favored 
an α-ketoi  ester.114 
 involving trifluoromethyl ketoimines (complex II, 
Figure 2.8). Comparing α-ketoimine esters and trifluoromethyl substituted ketoimines, a noteworthy 
rence 
ned the significance of the chiral AA2 moiety, resulting in a conformationally restricted peptide 
backbone that allows effective association of the C-terminus amide with the alkylzinc reagent. 
Electron donation by association of the Lewis basic amide (or its deprotonated form) with the 
dialkylzinc reagent likely results in redistribution of electron density such that it leads to enhancement 
of Lewis acidity112 for the Zn center and increased alkylmetal nucleophilicity.113 The stereogenic 
center at the one amino acid unit (AA1) of
coordinate anti to its i-Pr g
ine group of the chiral ligand allows for the formation of another Zr–N bond, stabilizing and 
increasing Lewis acidity of the cationic metal center, res
the dissociation of a sterically demanding isopropoxid
aldimines, coordination of the carboxylic ester unit 
provide additional transition state organization and Lewis aci
additional benefits for enantioselectivity, AA reaction 
favored E ketoimine stereoisomer (see Table 2.3).
isomers can interconvert readily, and association wi
stereochemical preferences of the unbound substrate; it
stereoisomer that serves as the reactive conformation of 
A similar model can be proposed for reactions
 w
rmodynamica
ay
mine
difference with the model proposed for reactions of α-ketoimine esters (I) is the origin of prefe
for reaction through the ketoimine isomer shown. One possibility that can provide additional 
                                                        
112 Theoretical studies (HF and B3LYP level of theory) indicate that chelation of TMEDA with Me2Zn causes an increase in the positive charge 
on Zn (qZn = +1.247 to +1.364).  See: Weston, J. Organometallics 2000, 20, 713–720. 
113 Experimental and theoretical studies suggest that Lewis base coordination to a dialkylzinc reduces Zn–C bond order, increasing a
nucleophilicity. See: (a) Hursthouse, M. B.; Motevalli, M.; O’Brien, P.; Walsh, J. R.; Jones, A. C. J. Mater. Chem. 1991, 1, 139–140. (b) 
Haaland, A.; Green, J. C.; McGrady, G. S.; Downs, A. J.; Gullo, E.; Lyall, M. J.; Timberlake, J.; Tutukin, A. V.; Volden, H. V.; Ostby, K
Dalton Trans. 2003, 4356–4366.  For a gene
lkylmetal 
-A. 
ral discussion, see: (c) Denmark, S. E.; Wynn, T. J. Am. Chem. Soc. 2001, 123, 6199–6200. 
4. 
114 In one instance, catalytic asymmetric additions of HCN to aldimines have been shown to proceed through the thermodynamically less 
favored Z substrate isomer: Vachal, P.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 10012–1001
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organization in the reactive complex similar to that proposed in I, involves the chelation of a fluoride 
atom with the Lewis acidic Zr center. Indeed, F→Zr association,115 including those involving a 
cationic metal center and a trifluoromethyl group, has been observed on a number of occasions in 
complexes characterized through X-ray crystallography. 
2.19 Conclusion 
Chiral amines carrying N-substituted quaternary centers are important. The efficient catalytic 
methods to synthesize these compounds are in demand. We have developed the first catalytic protocol 
for enantioselective alkylations of α-ketoimine esters with dimethyl- and diethylzinc reagents. 
Reactions proceed in the presence of as low as 0.5 mol % of a readily available chiral ligand, to afford 
a variety of α-quaternary amino esters with high enantioselectivity (from 79% up to >98% ee) and in 
yields that are often at useful levels (48%–98% after purification). This methodology has been 
successfully applied to catalytic AA reactions of trifluoromethyl substituted ketoimines. An efficient 
oxidative deprotection procedure for the removal of the N-aryl group has been described during the 
synthesis for three kinds of unmasked free amines from catalytic reaction products. In addition, 
various functionalizations have been carried out to reflect synthetic utility of the α-quaternary amino 
ester products. Lastly, a possible working model for the reactivity and enantioselectivity has been 
proposed. 
Although we have succeeded in exploring several fronts in the area of catalytic asymmetric 
ketoimine alkylations, the studies outlined herein raise a variety of questions that need future 
investigations. Perhaps the most notable is that catalytic AA reactions are limited to transformations 
that involve two dialkylzinc reagents; those reagents with longer chain alkylmetals give rise to 
non-enantioselective reduction of the ketoimines. A catalysis system that can effectively avoid 
undesired pathways is needed. The relatively high cost of dialkylzinc reagents is another issue that 
                                                        
115 (a) Catala, R. M.; Cruz-Garritz, D.; Hills, A.; Hughes, D. L.; Richards, R. L.; Sosa, P.; Torrens, H. J. Chem. Soc., Chem. Commun. 1987, 
261–262. (b) Siedle, A. R.; Newmark, R. A.; Lamanna, W. M. Organometallics 1993, 12, 1491–1492. (c) Memmler, H.; Walsh, K.; Gade, L. H.; 
t. Ed. Engl. 1996, 35, 80–82. (f) Karl, J.; Erker, G.; 
, 24, 
 T. 
 
Lauher, J. W. Inorg. Chem. 1995, 34, 4062–4068. (d) Temme, B.; Erker, G.; Karl, J.; Luftmann, H.; Fröhlich, R.; Kotila, S. Angew. Chem., Int. 
Ed. Engl. 1995, 34, 1755–1757. (e) Ruwwe, J.; Erker, G.; Fröhlich, R. Angew. Chem., In
Fröhlich, R. J. Am. Chem. Soc. 1997, 119, 11165–11173. (g) Lancaster, S. J.; Thornton-Pett, M.; Dowson, D. M.; Bochmann, M. 
Organometallics 1998, 17, 3829–3831. (h) Benedikt, G. M.; Goodall, B. L.; Iyer, S.; McIntosh, L. H., III, Mimna, R.; Rhodes, L. F. 
Organometallics 2001, 20, 2565–2569. (i) Hannig, F.; Fröhlich, R.; Bergander, K.; Erker, G.; Petersen, J. L. Organometallics 2004, 23, 
4495–4502. (j) Bach, M. A.; Beweries, T.; BUrlakov, V. V.; Arndt, P.; Baumann, W.; Spannenberg, A.; Rosenthal, U. Organometallics 2005
5916–5918. For related reviews, see: (k) Kulawiec, R. J.; Crabtree, R. H. Coord. Chem. Rev. 1990, 99, 89–115. (l) Kiplinger, J. L.; Richmond,
G.; Osterberg, C. E. Chem. Rev. 1994, 94, 373–431. (m) Plenio, H. Chem. Rev. 1997, 97, 3363–3384.
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should be kept in mind. Catalytic asymmetric protocols that involve more economically attractive 
alkylating agents, such as trialkylaluminum reagents, represent one direction for future studies. 
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Chapter 3 
Ag-Catalyzed Enantioselective Vinylogous Mannich (AVM) Reactions of 
Siloxypyrroles and γ-Substituted Siloxyfurans 
This chapter will focus on the reaction optimization in terms of efficiency and enantioselectivity 
for the Ag-catalyzed enantioselective vinylogous Mannich (AVM) reaction. The Mannich reaction is 
one of the most important carbon-carbon bond-forming reactions in organic chemistry. The scope of 
the Mannich reaction is broad due to the diversity of the carbonyl donors and imine electrophiles. The 
products of the Mannich reaction are also useful synthetic intermediates to build molecular complexity 
owning to the presence of multiple functional groups. Its importance has made the reaction a popular 
choice for asymmetric catalysis research. So far, there have been several reports on catalytic 
enantioselective Mannich reactions. Two major subgroups can be identified: First, catalytic 
enantioselective Mannich reactions involving a preformed enolate, such as silyl enol ether or silyl 
ketene acetal; second, direct catalytic asymmetric Mannich reactions. A variety of catalytic systems 
have been developed based on these different approaches to introduce chirality. 
In the process of this study of the Mannich reaction, I also learned a lesson that I should pay 
attention to details when I am working on a project, as that is where ideas come from. When I first got 
this project from a postdoc in my group who is going to leave soon, the results for Mannich reactions 
were not very good either in reactivity or enantioselectivity. In one sub-group meeting, Professor 
Snapper talked about an ‘accident’ that happened in his career. Somebody tried to run a palladium 
catalyzed coupling reaction in the flask with a cheap rubber cap, but that reaction worked well before 
in the flask with a higher quality rubber cap. Professor Snapper told us that it may be the sulfur from 
the cheap rubber cap dissolved a little bit when the reaction solution was refluxing in the flask, and 
because sulfur is toxic to palladium, the catalytic reaction stopped because the palladium catalyst was 
poisoned. It looked irrelevant to my project at the beginning, but this was where the good idea came 
from.  
That meeting was held around Christmas. I kept thinking about my project in the bus on my way 
to NYC for vacation, and then an idea suddenly came out: Silver, just like palladium, is a late 
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transition metal, too, so sulfur compared to o  also have stronger binding to silver. A new 
imine p , both 
on reactivity and selec he peptide group who 
were 
116
re 3.1).118  
         
xygen should
rotecting group was then born; it improved the results for Mannich reaction significantly
tivity. This original idea also helped other co-workers in t
also working on Mannich reactions. This story let me understand how important it is to be 
dedicated rather than just being smart. 
3.1 Mannich Reaction and Synthetic Applications 
“The condensation of a CH-activated compound (usually an aldehyde or ketone) with a primary 
or secondary amine (or ammonia) and a nonenolizable aldehyde (or ketone) to afford aminoalkylated 
derivatives is known as the Mannich reaction. More generally, it is the addition of 
resonance-stabilized carbon nucleophiles to iminium salts and imines.”  It was discovered 
separately by B. Tollens and Von Marle in 1903117 and C. Mannich in 1917 (Figu
So far, a variety of significant improvements to the original three-component Mannich reaction 
has been developed, such as utilizing silicon-stabilized carbanions instead of CH-activated compounds 
(imine version of 
Mukaiyama Aldol 
reaction). It can improve 
the reaction’s 
regioselectivity. Also, 
there have been many 
examples concerning 
synthetic applications of 
                                               
i, L.; Czako, B. <Strategic Applications of Named Reactions in Organic Synthesis> Elsevier Academic Press, Burlington, MA, 2005, 
274. 
117 Tollens, B.; Marle, V. The formaldehyde derivatives of acetophenones. Ber. 1903, 36, 1351-1357.  
118 (a) Mannich, C. Synthesis of β-ketonic bases. J. Chem. Soc., Abstracts 1917, 112, 634. (b) Mannich, C. Synthesis of β-ketonic bases. Arch. 
116 Kǖrt
Pharm. 1917, 225, 261-276. 
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the Mannich reaction.119 
An early application of the Mannich reaction to build the framework of a natural product has 
been shown by Professor Corey in his total synthesis of porantherin 3.1.120 The constructions of the 
A/B and C/D rings were accomplished utilizing two Mannich cyclizations, which proceeded with 
modest yield (Scheme 3.1). 
     In 2003, Professor 
is demonstrated in Scheme 
3.2. The bicyclic amine 
hydrogen iodide salt was 
mixed with excess 
r for the 
M
                                                
Scheme 3.2. Larry E. Overman's aza-Cope-Mannich Rearrangement in Total Sy
Overman and coworkers 
finished the total synthesis 
of (±)-didehydrostemofoline 
3.2,121 the key step involved 
paraformaldehyde and led to the formation of th  first iminium ion intermediate; this precursoe
secon
iminium ion will spontaneously react with the enol in an intramolecular 
d Mannich reaction undergoes a facile [3,3]-sigmatropic rearrangement. The resulting isomeric 
annich cyclization manner. 
        
ald, A. I.; Overman, L. E.; Rosen, M. D.; Schwink, L.; Scott, J. P. J. Am. Chem. Soc. 2003, 125, 15284-15285. 
119 Review: Risch, N.; Arend, M.; Westermann, B. Angew. Chem., Int. Ed. 1998, 37, 1044-1070. 
120 Corey, E. J.; Balanson, R. D. J. Am. Chem. Soc. 1974, 96, 6516-6517. 
121 Bruggemann, M.; McDon
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Through this strategy, a complicated tricyclic structure can be constructed in an efficient approach. 
In the laboratory of S. F. Martin, two consecutive vinylogous Mannich reactions (VMR) of 
2-silo
allow for the incorporation of two heteroatom-containing five-membered  
stereogenic carbon centers in two steps. It shortens the asymmetric synt
reaction between tryptophan derived imine and silyl ketene acetal derived from methyl crotonate, 
delivering the product as a single diastereoisomer in 69% isolated yield. The Mannich reaction 
proceeds in CH2Cl2 under mild conditions, followed by subsequent Michael addition of the resulting 
amine with methyl vinyl ketone, intramolecular cyclization and further modifications, the natural 
product (-)-ajmalycin 3.4 is obtained after a total of nine steps. 
The Mannich reaction is a useful reaction to build backbone structures of target molecules. As 
shown in Scheme 3.3 and 3.4, Mannich reactions involving preformed enolates can be applied directly 
to incorporate versatile functional groups on the molecules, and consequently make the whole 
synthetic transformation become concise. Thus, catalytic asymmetric Mannich reactions which can 
                                                       
xyfurans have been used in the enantiospecific total synthesis of (+)-croomine 3.3.122 The 
general synthetic strategy is approached by the nucleophilic addition of the trialkylsiloxy furans to the 
in situ generated cyclic iminium ions (Scheme 3.3). The application of vinylogous Mannich reactions 
 rings and the setting of four
hesis of the complex alkaloid 
(+)-croomine 3.3, such that 
the longest linear sequence 
is only nine steps. 
Another application 
of the vinylogous Mannich 
reaction has also been 
reported by Professor 
Martin and coworkers in 
his enantiospecific total 
synthesis of the heteroyohimbon alkaloid (-)-ajmalycin 3.4.123 The synthesis begins from the Mannich 
Scheme 3.4. S. F. Martin's Synthesis of (-)-Ajmaly
 
. J.; Smith, D. W.; Bur, S. K. J. Am. Chem. 122 (a) Martin, S. F.; Barr, K. J. J. Am. Chem. Soc. 1996, 118, 3299-3300. (b) Martin, S. F.; Barr, K
Soc. 1996, 118, 3299-3300. 
123 Martin, S. F.; Clark, C. W.; Corbett, J. W. J. Org. Chem. 1995, 60, 3236-3242. 
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afford the products in high diastereo- and enantioselectivity are in demand.  
3.2 Catalytic Asymmetric Mannich Reactions 
     
synthetic potential to provide both functional and structural diversity, lo
themselves to the development of catalytic asymmetric Mannich reaction
reactions can either be metal mediated or metal-free. The levels of select
promoted by small organometallic and organic amine catalysts can c
reactions catalyzed by enzymes. Another point worthy to note is that d
also complement each other in both their applications and syn or anti sele
Catalytic Asymmetric Mannich Reactions Utilizing Preformed Enolates
     In 1997, Professor Kobayashi reported the first catalytic enantioselective 
                                                       
In the past two decades, one great topic and challenge in organic chemistry is to develop 
catalytic stereoselective transformations for synthesizing multiple functionalized optically active 
molecules with structural diversity from simple and easily obtained starting materials. The Mannich 
reaction, as a classic method for the preparation of β-amino carbonyl compounds, represents an 
important way among carbon-carbon bond forming reactions in organic synthesis.124 Because of the 
ts of chemists have devoted 
s. The catalysts used in these 
ivity of the catalytic reaction 
ompete with results of the 
ifferent catalysts discovered 
ctivities.  
 
Mannich-type reaction 
Scheme 3.5. Kobayashi's Zr-Cataly
Br
 
124 For reviews, see: (a) Cordova, A. Acc. Chem. Res. 2004, 37, 102. (b) Kobayashi, S.; Ueno, M. In Comprehensive Asymmetric Catalysis 
 
e therein. (d) Marques, M. M. B. Angew. Chem., Int. Ed. 2006, 45, 348. (e) Shibasaki, M.; Matsunaga, S. J. 
Supplement I; Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 2003; Chapter 29.5. (c) Kobayashi, S.; Ishitani, H. Chem. Rev.
1999, 99, 1069, and referenc
Organomet. Chem. 2006, 691, 2089. 
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of aldimines with silyl enolates using a chiral zirconium catalyst (Scheme 3.5).125 A novel chiral 
zirconium catalyst was prepared by mixing Zr(Ot-Bu)4, a BINOL derivative and NMI. Its symmetrical 
structure was revealed by 
ith high yield. 
In 1998, Professor Sodeoka demonstrated an enantioselective Mannich-type reaction of silyl 
enol ethers with imines catalyzed by a novel chiral binuclear μ-hydroxo palladium(II) complex 
(Scheme 3.7).127 Preincubation of silyl enol ethers with the Pd diaquo complex allows the formation 
                                                       
NMR analysis. β-amino 
esters and thioesters have 
been obtained with high 
enantioselectivity using 
this protocol. 
Later in 2002, 
Professor Kobayashi developed another catalytic, diastereo- and enantioselective Mannich-type 
reaction between hydrazono esters and silyl enol ethers in aqueous media.126 In the presence of 
catalytic amount of a chiral diamine ligand 3.6 and zinc fluoride, various β-amino ketones can be 
synthesized in high yields with both good diastereo- and enantioselectivities (Scheme 3.6). In addition, 
the use of water and a small amount of TfOH are essential for the reaction to proceed w
 
125 (a) Ishitani, H.; Ueno, M.; Kobayashi, S. J. Am. Chem. Soc. 1997, 119, 7153-7154. (b) Ishitani, H.; Ueno, M.; Kobayashi, S. J. Am. Chem. 
em. 
 
Soc. 2000, 122, 8180-8186. 
126 Kobayashi, S.; Hamada, T.; Manabe, K. J. Am. Chem. Soc. 2002, 124, 5460-5461. 
127 (a) Hagiwara, E.; Fujii, A.; Sodeoka, M. J. Am. Chem. Soc. 1998, 120, 2474-2475. (b) Fujii, A.; Hagiwara, E.; Sodeoka, M. J. Am. Ch
Soc. 1999, 121, 5450-5458. 
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palladium enolate, which is the reactive nucleophile in this transformation. Late transition-metal 
palladium enolate is less nucleophilic compared to other metal enolates commonly used in catalytic 
 catalysts, which are usually 
l enol ethers comes from 
re combined with a chiral 
o esters (Scheme 3.8). Late 
ouble bond in the reaction. 
ford the β-carbonyl amino 
esters in high isolated yields, as well as good diastereo- and enantioselectivities
Mannich reactions. This method also avoids using the strong Lewis acid
air and moisture sensitive. 
     Another catalytic asymmetric Mannich reaction involving sily
Professor Lectka.128  Late transition state metal salts (Ag, Cu, Pd) a
phosphine ligand to catalyze the addition of silyl enol ethers to α-imin
transition state metal salts function as Lewis acids to activate the C=N d
Mannich reactions performed with various kinds of silyl enol ethers af
.  
Mannich reactions. In 2002, Professor Jacobsen reported an efficient route to synthesiz  
N-tert-butoxycarbonyl- (N-Boc) protected β-amino acids via enantioselective addition of silyl keten
acetals to N-Boc-aldimines catalyzed by thiourea catalyst 3.9 (Scheme 3.9).129 Both urea and thiour
catalysts have been shown to be useful in several carbon-carbon bond forming reactions.130 Kinetic 
The well known Jacobsen’s thiourea catalyst can also serve as a highly active catalyst for 
e
e 
ea 
                                                        
128 (a) Fe
T.; Drury
129 (a) Wenzel, A. G.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 12964-12965. (b) Wenzel, A. G.; Lalonde, M. P.; Jacobsen, E. N. Synlett 
867–870. (c) Wenzel, A. G.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 12964–12965. (d) Wenzel, A. G.; Lalonde, M. P.; Jacobsen, E. N. 
Synlett 2003, 12, 1919–1922. (e) Taylor, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 2004, 126, 10558–10559. (f) Yoon, T. P.; Jacobsen, E. N. 
. Int. Ed. 2005, 44, 6700–6704. (i) Raheem, I. T.; Jacobsen, E. N. Adv. Synth. Catal. 2005, 347, 1701–1708. (j) 
.; Chen, Y.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2006, 
EtO
rraris, D.; Young, B.; Dudding, T.; Lectka, T. J. Am. Chem. Soc. 1998, 120, 4548-4549. (b) Ferraris, D.; Young, B.; Cox, C.; Dudding, 
, W. J.; Ryzhkov, L.; Taggi, A. E.; Lectka, T. J. Am. Chem. Soc. 2002, 124, 67-77. 
2003, 1919. 
130 (a) Sigman, M. S.; Vachal, P.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2000, 39, 1279–1281. (b) Vachal, P.; Jacobsen, E. N. Org. Lett. 2000, 2, 
Angew. Chem. Int. Ed. 2005, 44, 466–468. (g) Fuerst, D. E.; Jacobsen, E. N. J. Am. Chem. Soc. 2005, 127, 8964–8965. (h) Taylor, M. S.; 
Jacobsen, E. N. Angew. Chem
Huang, H.; Jacobsen, E. N. J. Am. Chem. Soc. 2006, 128, 7170–7171. (k) Lalonde, M. P
H
N
Ts
O
Scheme 3.8. Lectka's Cu-Catalyzed Enantioselective Mannich Reaction.
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and structural analysis, as well 
as experimental data revealed 
the mechanism of catalysis 
involved imine activation via 
hydrogen bonding to the urea 
0). 131  This method 
represents a new 
3,3’-diaryl groups, which are not coplanar with the naphthyl groups, would effectively shield the 
e 
component of the catalyst. The 
N-Boc protecting group can 
also be easily removed after the 
reaction to afford β-amino acids. 
In 2004, Professor Akiyama reported an enantioselective Mannich-type reaction of silyl enolates 
with aldimines catalyzed by a chiral metal-free Brφnsted acid (Scheme 3.1
example for metal-free 
organo-catalyzed 
asymmetric 
transformations. It 
proceeds via an iminium 
salt, generated from the 
aldimine and the 
Brφnsted acid. The 
imine substrates can be 
activated effectively by 
converting it to iminium 
salt. “It is proposed that 
phosphate moiety, leading to efficient asymmetric induction.”131 In addition, the introduction of th
                                                                                                                                                                     
N. J. Am. Chem. Soc. 2007, 129, 13404–13405. 
45, 6366–6370. (l) Tan, K. L.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2007, 46, 1315–1317. (m) Raheem, I. T.; Thiara, P. V.; Peterson, E. A.; 
Jacobsen, E. 
131 Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, K. Angew. Chem., Int. Ed. 2004, 43, 1566-1568. 
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Scheme 3.10. Akiyama's Chiral Bronsted Acid Catalyzed Enantioselective Mannich-Reaction.
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strongly electron-withdrawing 4-nitrophenyl group both improved e
of reaction rate. 
Direct Catalytic Asymmetric Mannich Reactions 
The asymmetric Mannich reactions shown above all involve
ethers or silyl ketene acetals. The preparation and instability of the 
efficiency and atom-economics132 of these catalytic asymmetric pro
asymmetric Mannich-type reactions utilizing unmodified carbonyl do
β-ketoesters and 1,3-diketones were reported. 
 their derivatives are effective organic chiral bases in promoting 
variou
carbonyl-containing 
compounds, 135  
aza-Henry reactions,136 
conjugate additions to 
ynones, 137  
chalcones, 138  
nitroolefin, 139  and 
vinyl sulfones. 140  In 
2005, Professor Schaus 
reported an 
f β-ketoesters to acyl aryl imines catalyzed by the cinchona alkaloids 
            
nantioselectivity and accelerated 
 nucleophiles such as silyl enol 
preformed enolates reduced the 
tocols. Recently, direct catalytic 
nors such as aldehydes, ketones, 
The cinchona alkaloids and
s nucleophilic reactions in an asymmetric manner,133 such as alcoholysis of anhydrides,134 
cyanation of 
enantioselective addition o
                                            
 A Search for Synthetic Efficiency. Science 1991, 254, 1471-1477. 
133 Reviews: (a) Chen, Y.; McDaid, P.; Deng, L. Chem. Rev. 2003, 103, 2965. (b) France, S.; Guerin, D. J.; Miller, S. J.; Lectka, T. Chem. Rev. 
2003, 103, 2985. (c) Tian, S. -K.; Chen, Y. G.; Hang, J. F.; Tang, L.; Mcdaid, P.; Deng, L. Acc. Chem. Res. 2004, 37, 621. 
 (c) 
4, 126, 9906. 
132 Trost, B. M. The Atom Economy:
134 (a) Hang, J.; Tian, S. -K.; Tang, L.; Deng, L. J. Am. Chem. Soc. 2001, 123, 12696. (b) Hang, J.; Li, H.; Deng, L. Org. Lett. 2002, 4, 3321.
Tang, L.; Deng, L. J. Am. Chem. Soc. 2002, 124, 2870. 
135 (a) Tian, S. -K.; Hong, R.; Deng, L. J. Am. Chem. Soc. 2003, 125, 9900. (b) Tian, S. -K.; Deng, L. J. Am. Chem. Soc. 2001, 123, 6195. 
136 Knudsen, K. R.; Jorgensen, K. A. Org, Biomol. Chem. 2005, 3, 1362. 
137 Bella, M.; Jorgensen, K. A. J. Am. Chem. Soc. 2004, 126, 5672. 
138 Vakulya, B.; Varga, S.; Csampai, A.; Soos, T. Org. Lett. 2005, 7, 1967. 
139 Li, H.; Wang, Y.; Tang, L.; Deng, L. J. Am. Chem. Soc. 200
140 Li, H.; Song, J.; Liu, M.; Deng, L. J. Am. Chem. Soc. 2005, 127, 8948. 
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cinchonine 3.11 (Scheme 3.11).141 Though the diastereoselectivity is not always high (dr ranges from 
1 : 1 to 20 : 1, favoring anti), the reactions proceed with good enantioselectivity. The crude products 
can be converted to the Z-enamine with benzylamine using a catalytic amount of Yb(OTf)3 or 
5-benzyl pyrimidone through a two steps functionalization. In both procedures, the acryl amines 
 yield and enantioselectivity. 
alkaloid backbone 
struct
m
nich reaction of N-Boc aryl 
bearing one stereogenic center are isolated in good
Professor Deng 
and coworkers 
incorporated a thiourea 
group in the cinchona 
Sche
ure to generate a 
bifunctional catalyst 
for Mannich reactions 
of malonates. Catalyst 
ines (Scheme 3.12).3.12 promotes the asymmetric Mannich reaction of malonates with simple i
By utilizing the 
hydrogen-bonding between 
thiourea and imine nitrogen, the 
substrate can be activated 
effectively; under the 
cooperative assistance from 
142 
cinchona alkaloid backbone, a 
highly enantioselective direct 
Man
imines with malonates and 
β-ketoesters has been 
                                                        
141 Lou, S.; Taoka, B. M.; Ting, A.; Schaus, S. E. J. Am. Chem. Soc. 2005, 127, 11256-11257.  
9. (b) Song, J.; Shih, H; Deng, L. Org. Lett. 2007, 9, 603–606. 
N
142 (a) Song, J.; Wang, Y.; Deng, L. J. Am. Chem. Soc. 2006, 128, 6048-604
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developed. To expand the substrate scope to include easily enolizable alkyl-substituted aldimines, an 
in situ generation of carbamate-protected imines method was explored. Upon using the readily 
accessible and stable N-carbamate amido sulfones as substrates to generate imines in situ, the catalyst 
loading can be lowered too. 
To meet the present need for atom-economical processes, Professor Sodeoka also moved his 
 the next level, a highly 
y of glyoxylate derived 
.13).
catalytic asymmetric Mannich reaction catalyzed by palladium complexes to
enantioselective catalytic Mannich-type reaction of β-ketoesters with a variet
imines, as well as simple aromatic and α,β-unsaturated aldehydes (Scheme 3
process, the pre-activation of ketones to form silyl enol ethers is not necessary lates 
are generated directly from the β-ketoesters, whereas in previous work Schem
enolates are obtained by transmetallation with silicon based enolates. After
hindered vicinal tertiary and quaternary carbon centers were assembled in one
the Pd-aqua complexes are not extremely sensitive to water, a three-compon
stoichiometric amount of wa
Chiral phosphoric acid derivatives can also be 
applied as Brφnsted acid catalyst to accelerate direct 
Mannich reactions between acetyl acetone and 
N-Boc-protected arylimines (Scheme 3.14). 144  
According to what Professor Terada reported, 
phosphoric acids are chosen as catalysts because of 
their following unique characteristics: “1) 
Tetradentate structure around the phosphorus(V) 
t α position of the phosphorus center by formation of a ring 
ture cannot be found in other possible Brφnsted acids, such as 
 The appropriate acidity of phosphoric acids should catch up the 
                                                       
143 In this catalytic 
; the palladium eno
e 3.7, palladium 
 reactions, the sterically 
 step. Moreover, because 
ent reaction in which a 
ter is generated during 
the in situ imine formation becomes possible. 
atom would prevent free rotation a
structure. This characteristic fea
carboxylic and sulfonic acids, etc. 2)
Scheme 3.14. The Chiral Phosphoric Acid-Cataly
Ar
zed
Direct Mannich Reactions.
 
hem., Int. Ed. 2005, 44, 1525-1529. 143 Hamashima, Y.; Sasamoto, N.; Hotta, D.; Somei, H.; Umebayashi, N.; Sodeoka, M. Angew. C
144 Uraguchi, D.; Terada, M. J. Am. Chem. Soc. 2004, 126, 5356-5357. 
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imine through hydrogen bonding without loose ion-pair formation. 3) Their phosphoryl oxygen could 
function as a Lewis basic site, and thus a phosphoric acid could function as a bifunctional 
catalyst”.144 
Recently, catalytic asymmetric Mannich processes between aldehydes and α-imino esters 
promoted by axially chiral amino sulfonamide 3.15 have been reported. The acidic proton on the 
cataly
Professor Maruoka and coworkers have
Mannich reaction between aldehydes and α-im
sulfonamide 3.15 (Scheme 3.15).145 A point n
the crude reaction mixture, even in the presence
st backbone serves to activate the imine substrates, and the disubstituted amino group on the 
catalyst serves to generate an enamine with the aldehydes and then perform nucleophilic addition. 
These reactions and the proline catalyzed Mannich reactions shown below are proposed to proceed 
with similar working models. 
NHSO2CF3
NH
 developed a highly anti-selective direct asymmetric 
ino esters catalyzed by a novel axially chiral amino 
oteworthy is that no self-aldol products are detected in 
 of an excess amount of aldehyde.  
                                                        
145 Kano, T.; Yamaguchi, Y.; Tokuda, O.; Maruoka, K. J. Am. Chem. Soc. 2005, 127, 16408-16409. 
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In a similar 
working model, 
Professor Barbas 
iastereomer product is 
obtained. (Refer to discussions below) 
Professor List 
developed the first example 
of a proline catalyzed 
asymmetric three-component 
Mannich reaction involving 
an aldehyde, a ketone and a 
primary amine (Scheme 
3.17).147 During the reaction, 
proline first forms an 
enami
proceeds faster than addition to an aldehyde. Also, the imine formation between an aldehyde and a 
primary amine is faster than concurrent self-aldol reaction. Because the reactions avoid preformed 
enolate equivalents or preformed imine equivalents, the reactions can be more practically operated. In 
                                                       
designed a novel 
proline-based amino 
acid 3.16 and 
demonstrated that the catalyst is useful for the synthesis of amino acid derivatives with excellent 
anti-diastereoselective control and in high enantioselectivities under mild conditions (Scheme 
3.16).146 If proline 3.17 is used instead of 3.16 in this process, the syn-d
ne with the aldehyde. 
Then the subsequent 
nucleophilic addition of the 
proline enamine to an imine 
 
146 Mitsumori, S.; Zhang, H.; Cheong, P. H.; Houk, K. N.; Tanaka, F.; Barbas, C. F. J. Am. Chem. Soc. 2006, 128, 1040-1041. 
147 (a) List, B. J. Am. Chem. Soc. 2000, 122, 9336-9337. (b) List, B.; Pojarliev, P.; Biller, W. T.; Martin, H. J. J. Am. Chem. Soc. 2002, 124, 
O
827-833. 
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addition, the inexpensive catalyst, proline, is available in both enantiomeric fo
recovered from the reaction mixture via filtration. 
One year later, Professor Hayashi expanded this proline catalyzed one-po
reaction to the 
reactions involving 
two different 
syn-di
 
catalyst to develop a 
highly diastereo- and 
enantioselective 
Mannich reaction 
149 he example 
rms and can be 
t, direct cross-Mannich 
aldehydes as well as 
a self-Mannich 
reaction with 
propanal. High 
astereo- and 
enantioselectivities 
have been achieved 
successfully 
(Scheme 3.18).148 These results sup
involving ethyl 
glyoxylate derived 
aldimines (Scheme 
port the relative rates proposed by List and coworkers. 
Professor 
Barbas also used the 
natural amino acid
proline 3.17 as a 
3.19).  The carbonyl donors include unmodified aldehydes and ketones. Compared to t
                                                        
148 Hayashi, Y.; Tsuboi, W.; Ashimine, I.; Urushima, T.; Shoji, M.; Sakai, K. Angew. Chem., Int. Ed. 2003, 42, 3677-3680. 
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Scheme 3.19. Proline-Catalyzed Mannich Reaction to -Imino Ethyl Glyoxylate.α
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illustrated in Scheme 3.16, we note that simple modifications to the proline catalyst can afford 
significant changes in diastereoselectivity. Proline represents a good bifunctional catalyst with a low 
molec
s, due to the presence of a hydroxyl group adjacent to the carbonyl, can form 
e and be further stabilized by 
.2) This attribute causes the in situ 
 during the reaction process 
enolates can combine with 
alytic asymmetric Mannich reactions.  
onstrated this concept with a dinuclear zinc catalyst 3.18 for the synthesis of 
anti-amino alcohols 
 
im
ket
of 
zin
ma
protecting
im
dia
be
ular weight for promotion of Mannich reactions between various carbonyl donors and imine 
substrates. 
α-Hydroxy ketone
a double chelated metal enolat
conjugation. (Figure 3
generation of metal enolates
possible; the formed metal 
chiral ligands to promote cat
Professor Trost dem
Figure 3.2. Metal Enolate from α-Hydroxy Ketone.
L*
through an asymmetric 
Mannich reaction
between 
N-diphenylphosphinoyl 
ine and α-hydroxy 
ones. In the presence 
the same dinuclear 
c catalyst, through 
nipulation of the 
 group on the 
ine electrophile, 
different 
stereoselectivity can 
 obtained for amino 
                                                                                                                                                                     
149 (a) Cordova, A.; Notz, W.; Zhong, G.; Betancort, J. M.; Barbas, C. F. J. Am. Chem. Soc. 2002, 124, 1842-1843. (b) Cordova, A.; Watanabe, 
S.; Tanaka, F.; Notz, W.; Barbas, C. F. J. Am. Chem. Soc. 2002, 124, 1866-1867. 
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Scheme 3.20. Catalytic Asymmetric Mannich Reaction Catalyzed by Dinuclear Zinc Complex.
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alcohols bearing different protecting groups (Scheme 3.20).150 In most cases, high enantioselectivities 
were achieved for the major diastereoisomer or for both diastereoisomers. Since the products have a 
variety of functional groups (hydroxyl, carbonyl and amine) and two adjacent stereocenters, they have 
great potential as useful synthetic intermediates. 
Scheme 3.21. Shibasaki's Catalytic Asymmetric Mannich Reaction of N-(2-Hydroxyacetyl)pyrrole.
O
OH HO
OH HO
10-15 mol %
In(Oi-Pr)3 20-30 mol %
o
R
o-Ts
N-Acylpyrrole, a modification to α-hydroxy ketone, was selected by
carbonyl donor for the investigation of the catalytic asymmetric Mannich (Scheme 3.21).151 Since 
lone pair of electrons on the nitrogen atom in the pyrrole ring is delocalized
properties of the carbonyl group are similar to those of a phenyl ketone. In a
perform as an ester-equivalent donor because the products can be easily
                                                       
 Professor Shibasaki as a 
the 
 in an aromatic system, the 
ddition, N-acylpyrrole can 
 converted to esters under 
 
150 (a) Trost, B. M.; Terrell, L. R. J. Am. Chem. Soc. 2003, 125, 338-339. (b) Trost, B. M.; Jaratjaroonphong, J.; Reutrakul, V. J. Am. Chem. Soc. 
5, 44, 4365-4368. 
2006, 128, 2778-2779. 
151 Harada, S.; Handa, S.; Matsunaga, S.; Shibasaki, M. Angew. Chem., Int. Ed. 200
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o-Ts o-Ts o-Ts
N
O
OH
NH
68% yield, syn : anti = 14 : 86
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96% ee for syn, 94% ee for anti
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83% yield, syn : ant
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basic conditions. Some 
other unique properties 
of N-acylpyrroles and 
their various 
applications have been 
demonstrated by Evans 
et al. 152  The 
enantioselective process 
proceeds with a 
catalytic amount of In(Oi-Pr)3 and (S,S)-linked binol. After generating the indium enolate in situ with 
N-acylpyrrole, a formal simple proton transfer occurs as the stereo-determining step. 
In addition, Shibasaki also developed a highly efficient (up to quantitative yield) and 
syn-selective (up to 99:1) Mannich reaction of a glycine Schiff base with N-Boc imines using a phase 
transfer catalyst 3.20.153 Moderate enantioselectivities (up to 82% ee) can be reached for various 
                                                       
substrates (Scheme 3.22). 
 
152 (a) Evans, D. A.; Borg, G.; Scheidt, K. A. Angew. Chem., Int. Ed. 2002, 41, 3188-3191. For the application of N-acylpyrrole as a donor after 
oc. 2001, 123, 4480-4491. 
t. Ed. 2005, 44, 4564-4567. 
O
O
F-4-C6H4
F-4-C
Scheme 3.22. Catalytic Asymmetric Mannich Reaction
between Glycine Schiff Base and N-Boc Imi .nes
6H4
N
N
C6H4-4-Me
C6H4-4-Me
Me
C6H4-4-Me
conversion into enol silane, see: (b) Evans, D. A.; Johnson, D, S. Org. Lett. 1999, 1, 595–598. (c) Evans, D. A.; Scheidt, K. A. Johnston, J, N.; 
Willis, M. C. J. Am. Chem. S
153 Okada, A.; Shibuguchi, T.; Ohshima, T.; Masu, H.; Yamaguchi, K.; Shibasaki, M. Angew. Chem., In
C6H4-4-MeMeBF4
-
BF4-
Ph N CO t-Bu
NHBoc
2
Ph
+
R H
N
Boc 10 mol %
Cs2CO3 (2 equiv), PhF
 -45~-20 oC, 19~72 h
3.20
R
CO2t-Bu
N Ph
Ph
NHBoc NHBoc NHBoc
CO2t-Bu
N Ph
Ph
MeO
95% yield, syn : anti = 95 : 5
82% ee for syn
CO2t-Bu
N Ph
Ph
98% yield, syn : anti = 98 : 2
80% ee for syn
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86% yield, syn : anti = 98 : 2
66% ee for syn
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Catalytic Asymmetric Mannich Reactions to Generate Quaternary Carbon C
     There are two ways to generate a quaternary carbon center through a
asymmetric addition to ketoimines; Second, introduction of the quaternary r
nucleophile.  
 (Scheme 
on of the 
nd Snapper 
ne esters.154 
To increase the electrophilicity of the ketoimine, a nitro group is installed para to the imine nitrogen 
on the protecting group. Results of the catalytic enantioselective reaction demonstrate that products 
bearing a N-substituted quaternary carbon center adjacent to a tertiary carbon center can be prepared 
with both high diastereo- and enantioselectivity (Scheme 3.23).  
enters 
 Mannich reaction: First, 
 ca bon center from the 
Scheme 3.23. Ag-Catalyzed AVM of Aryl-Substituted -Ketoimine Esters.α
t-Bu
Two examples for Mannich addition to ketoimines have been illustrated in Chapter 2
2.7). Here I will present another case recently completed in these laboratories; it is an extensi
previous studies which utilize siloxyfuran as a nucleophile. Recently, Professor Hoveyda a
and coworkers developed the first asymmetric vinylogous Mannich reaction to α-ketoimi
                                                        
154 Wieland, L. C.; Vieira, E. M.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 130, 570-576. 
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S
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     Instead of addition to 
introduced by utilizing 
Mannich reactions 
involving a trisubstituted 
C-H donor; one example is 
shown in Scheme 3.13. 
The other one was recently 
reported recently by 
Professor Shibasaki 
(Scheme 3.24). 155  The 
Mannich reaction is 
oms is used to bind with the 
C=N double bond, while the 
nucleophile in this process. 
Various aryl and heteroaryl N-Boc imines can be used as substrates. The reactions proceed with high 
diastereo- and 
                                                       
ketoimines, a quaternary 
carbon center can also be 
promoted by a dinuclear Ni2-Schiff base complex 3.22, one of the Ni at
carbonyl group of the N-Boc protecting group to activate the conjugated 
other Ni atom can form a Ni enolate. A β-keto phosphonate serves as the 
enantioselectivity.  
 
155 Chen, Z.; Yakura, K.; Matsunaga, S.; Shibasaki, M. Org. Lett. 2008, 10, 3239-3242. 
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Scheme 3.24. Catalytic Asymmetric Mannich-Type Reaction of N-Boc Imines
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P(OEt)2
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O
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S
P(OEt)2
ONH
Boc
O
51% yield, anti : syn = 6 : 1
47% ee for anti
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3.3 Ag Complex Catalyzed Asymmetric Mannich Reactions   
The first example of a Ag-catalyzed asymmetric Mannich reaction
these laboratories.156 The addition of silyl enol ethers to aryl, alkyl, alken
been carried out successfully with both high efficiency and enantiosele
utility of the β-amino carbonyls compounds was highlighted in the e
(-)-sedamine 3.24.  
                                                       
 was reported in 2004 from 
yl, and alkynyl imines have 
ctivity (Scheme 3.25). The 
nantioselective synthesis of 
 
-3735. 
R1
156 Josephsohn, N. S.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 3734
H
N
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OTMS
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R2 = Ph or Me
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3.231-5 mol %
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Me
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Scheme 3.25. Ag-Catalyzed Enantioselective Mannich Reactions of Silyl Enol Ethers with Various Imines 
and Enantioselective Synthesis of Sedamine.
MeO
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5 mol % 3.23, 5 mol % AgOAc
undistilled THF, 4 oC, 16 h, air
MeO
O Ph
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56% yield, >98% ee
PhI(OAc)2, HOAc, MeOH;
10% aq. HCl; 20% aq. Na2S2O3;
Na2CO3, CH2Cl2
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O
80% yield
1. DIBAL-H, THF
-78 to -40 oC;
LAH, -40 to 22 oC
(16 : 1)
2, aq. CH2O, MeCN,
NaCNBH3, HOAc, 22 oC
NMe OH
Ph
(-)-sedamine 3.24
89% yield
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Additionally, this catalytic method is practical: transformations can be carried out in air with 
undist
AVM reaction. All the 
requisite carbon atoms 
were assembled in one step 
with moderate isolated 
yield (56%) and high 
enantioselectivity (>98% 
ee).    
This protocol was expanded to the addition of silylketene acetals to alkynyl imines (Scheme 
3.26).157 Catalyzed by the same Ag-chiral phosphine complex, β-alkynyl-β-amino esters can be 
synthesized with high enantioselectivities (84-94% ee). The presence of another versatile functional 
ch as enyne metathesis or a 
                                                       
illed solvent and undistilled additive. The AgOAc is commercially available and does not 
require purification before use. The phosphine containing amino acid-based ligand is also easily 
synthesized (~50% yield after three steps). The total synthesis of (-)-sedamine 3.24 starts with the 
one-pot three components 
Scheme 3.26. Ag- al
group (alkyne) introduces the possibility of further functionalization su
Pauson-Khand reaction.158  
 
157 Josephsohn, N. S.; Carswell, E.; Snapper, M. L.; Hoveyda, A. H. Org. Lett. 2005, 7, 2711-2713. 
158 For functionalizations with similar substrates see: Akullian, L. C.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2003, 42, 
4244-4247. 
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Asymmetric vinylogous Mannich (AVM) reactions involving s
generate products bearing two adjacent stereogenic centers appended to
which could be synthetically versatile intermediates. In 2006, the
enantioselective catalytic AVM reaction was successfully develope
The high diastereo- and enantioselectivities (>98% de, 79 to >98% ee
and good isolated yields (60-98%) make this protocol attracti
iloxyfuran nucleophiles can 
 a γ-butenolide function moiety, 
 first highly diastereo- and 
d based on our previous studies. 
) 
ve 
(Scheme 3.27). Additions involving differently substituted siloxyfurans 
were also investigated (Figure 3.3). To obtain the highest 
enantioselectivity for AVM reactions with different siloxyfuran nucleophiles, a narrow scope of 
phosphine ligands composed by different amino acids were explored. As shown in Scheme 3.27, 
 and chiral phosphine ligands 3.23 and 3.21 can promote AVM reactions with both nonsubstituted
Aryl
N
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O OTMS
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O
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Scheme 3.27. Ag-Catalyzed AVM Reactions with Siloxyfuran.
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β-substituted siloxyfurans efficiently with high diastereo- and enantioselectivity. AVM reactions of 
α-substituted siloxyfurans using chiral phosphine ligands 3.23 and 3.21 resulted in low conversion and 
selectivity. Chiral phosphine ligand 3.27 was discovered to catalyze the AVM reactions with 
α-substituted siloxyfuran efficiently with both high diastereo- and enantioselectivity. To the best of our 
knowledge, this is the first reported catalytic AVM reactions with both high diastereo- and 
enantioselectivity.  
There is only one previously reported example of an AVM reaction. Professor Martin reported a 
Ti-Binol complex 
catalyzed addition of 
siloxyfurans to 
2-aminophenol 
derived imines; 
reactions proceed in 
40-92% de but in only 
up to 54% ee 
(Scheme 3.28). 159  
Also, Terada provided 
ituted γ-butenolides by 
                                                       
an enantioselective 
Friedel-Crafts 
reaction of N-Boc 
aldimines with 
2-methoxyfuran. The products can be transformed to Boc-protected amine subst
a two-step sequence (Scheme 3.28).160 
 
159 Martin, S. F.; Lopez, O. D. Tetrahedron Lett. 1999, 40, 8949-8953. 
160 Uraguchi, D.; Sorimachi, K.; Terada, M. J. Am. Chem. Soc. 2004, 126, 11804-11805. 
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Scheme 3.28. Other Transformations to Generate Enantiopure -Butenolide.γ
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3 
S
envisioned to serve as ideal candidates for 
intermediates. 161
contiguous carbo
heteroatom can 
reaction as a five membere
All of these attribute
rrole- and thiophene-
ions are discussed be
     The first example shown is a template synthesis of higher carbon sugars.
3
from t
a
e ti
3
Et2O. Through 
asymmetric conjugate 
addition of Me2CuLi to 
α,β-unsaturated 
lactones, a methyl group can be installed at the C-3 position of intermediate 3.30; a single anti 
.4 Furan-, Pyrrole- and Thiophene-Based Siloxydienes 
    Synthesis of multi-functionalized enantiopure compounds, especially under highly regio- and 
stereochemical control, has always been a prime challenge to synthetic organic chemists. As shown in 
cheme 3.29, exploitation of furan-, pyrrole- and thiophene-based siloxydiene as nucleophiles is 
important because the obtained α,β-unsaturated γ-lactones, γ-lactams and γ-thiolactones can be 
Scheme 3.29. Exploitation of Furan-, Pyrr
elaboration into a variety of advanced 
 In addition, four 
n atoms and one 
be installed in one 
d ring; and two 
s increase the synthetic 
based siloxydienes as 
low. 
 Homochiral butenolide 
.30 can be synthesized 
he Mukaiyama 
ldol reaction between 
nan opure aldehyde 
.29 and siloxyfuran 
3.25 promoted by BF3•
stereogenic centers can be created adjacent to each other. 
efficiency of the methodology involving furan-, py
nucleophiles. Some of the representative synthetic applicat
Synthesis of higher carbon sugars and azasugars 
                                                        
161 Casiraghi, G.; Rassu, G. Synthesis 1995, 607-626. 
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diastereomer is obtained 3.34 and 3.35.
in 86% yield due to the 
presence of a bulky 
substitutent on C-4 
position. Methylation via 
(85:15). Clean lactone to 
lactol transformation 
utilizing DIBAL-H 
enolate formation was
adopted to introduce
another methyl group at 
the C-2 position with
moderate 
diastereoselectivity 
with 3 N HCl in THF at room temperature. This is a standard protocol
Casiraghi for synthesis of C-methylheptoses 3.31 and 3.32.162  
     Likewise, azasugar 3.34 and 3.35 bearing five contiguous stereogenic
by transformations shown in Scheme 3.31.163 The reaction of aldehyde 3.29 
3.23, a four carbon atom homologation step is promoted by Lewis acid Sn
provide routes to two different diastereoselective addition products. All of th
on the backbone structure were assembled together in one step. After foll
include dihydroxylation and deprotection, azasugars 3.34 and 3.35 are synthes
 
 
 
proceeds in CH2Cl2 at 
-80 oC, while clean cleavage of the silyl and acetonide linkage was quickly accomplished by treatment 
 developed by Professor 
 centers can be prepared 
with N-Boc siloxypyrrole 
Cl4 or BF3•Et2O and can 
e necessary carbon atoms 
owing functionalizations 
ized successfully. 
                                                        
162 Casiraghi, G.; Pinna, L.; Rassu, G.; Spanu, P.; Ulgheri, F. Tetrahedron: Asymmetry 1993, 4, 681. 
163 (a) Casiraghi, G.; Rassu, G.; Spanu, P.; Pinna, L. J. Org. Chem. 1992, 57, 3760. (b) Rassu, G.; Casiraghi, G.; Spanu, P.; Pinna, L.; Gasparri 
Asymmetry 1992, 3, 1035. Fava, G.; Ferrari Belicchi, M.; Pelosi, G. Tetrahedron: 
O
O
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Scheme 3.31. Synthesis of Azasugar
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(b) Synthesis of tetrahydrof
     Different substituted silo
oligotetrahydrofuran frame
Scheme 3.32, chiral non
acetogenins of Annonaceae, 
chiral starting material.
uran derivatives 
xyfurans can also be used to synthesize a variety of mono-, bis- and 
 structures related to the naturally occurring acetogenins. As shown in 
racemic butanolide 3.39, a key intermediate in the total synthesis of 
has been synthesized straightforwardly utilizing lactol acetate 3.36 as the 
 illustrated, Lewis acid TrClO4 promoted the reaction of 3.25 to 3.36 to 
afford the 
bistetrahydrofuran 
products 3.37 and 
3.38 in a 40:60 ratio 
and 90% combined 
yield after 
purification. The 
reaction also 
drogenation of 3.38 on 
                                                       
164 As
proc eds with >98:2 stereose
Pd/C delivers the butanolide 3.39 in 90% isolated yield. This strategy can be used repeatedly to install 
more tetrahydrofuran rings to the target molecule by reducing the lactone to lactol followed by 
acetylation. 
e lectivity in favor of the trans-isomer. Further hy
c) Synthesis of pyrrolizidine, indolizidine and quinolizidine alkaloids 
     Polyhydroxylated bicyclic alkaloids, such as pyrrolizidine, indolizidine and quinolizidine, have 
been of interest because of their varied and clinically useful biosignificances.165 Both siloxyfuran and 
siloxypyrrole can be adopted to assemble the skeleton of these important alkaloids.47 One 
representative example of the synthesis of indolizidine 3.43 is shown in Scheme 3.33.166 
 
164 (a) Rupprecht, J. K.; Hui, Y.; McLaughlin, J. L. J. Nat. Prod. 1990, 53, 237. (b) Fang, X.; Rieser, M. J.; Gu, S.; Zhao, G..; McLaughlin, J. L. 
Phytochem. Anal. 1993, 4, 27. 
165 (a) Rizk, A. F. M. Naturally Occurring Pyrrolizidine Alkaloids; CRC Press, Inc.; Boca Raton, 1990. (b) Burgess, K.; Henderson, I. 
Tetrahedron 1992, 48, 4045. 
166 Casiraghi, G.; Ulgheri, F.; Spanu, P.; Rassu, G.; Pinna, L.; Gasparri Fava, G.; Ferrari Belicchi, M.; Pelosi, G. J. Chem. Soc., Perkin Trans. 1 
1993, 58, 3397. 
O
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H O OTMS
+
TrClO4 cat.
Et2O, 0 oC
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O
3.36
(CH2)11CH3
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O
H H
+
O
(CH2)11CH3
OTBS
H
O
O
H H
3.37 36%
3.38 54%
O
(CH2)11CH3
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H
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O
H H
3.39 90%
3.38
1, H2, Pd/C
2, TBAF, THF
Scheme 3.32. S
toluene, 22 oC
22 oC
ynthesis of Tetrahydrofuran Derivatives.
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     In presence of 1.2 equivalents of SnCl4, siloxypyrrole 3.33 can be added on to the threose 3.40 
t transformations involve a stoichiometric amount of Lewis acid, which could lead to the 
ectivity, reactions are usually 
regio- and stereoselectively to afford lactam 3.41 exclusively in 80% yield after purification. Through 
further 
functional 
group 
manipulation, 
amino alcohol 
3.42 is readily 
prepared for the 
final cyclization 
reaction. The 
ng compound 3.42 to 
lkylation. 
furan-, pyrrole- and 
thiophene-based siloxydiene. It should be noted that: First, most applications of furan-, pyrrole- and 
thiophene-based siloxydiene nucleophiles are focused on the addition to C=O double bond 
(Mukaiyama aldol reaction), while the imine version of that (Mannich reaction), is rarely explored; 
Second, mos
O
O
crucial step for the completion of this short synthesis is achieved by subjecti
PPh3/CCl4/Et3N in pyridine at room temperature followed by BBr3-promoted dea
     The discussion above is only one aspect of the exploitations of 
development of Lewis acid catalyst; Third, to get high diastereosel
performed at low temperature (-90 to -78 oC); Fourth, enantiopure substrate is needed if the synthesis 
is carried out for the chiral nonracemic target molecule. All of these points indicate that catalytic 
asymmetric reactions involving furan-, pyrrole- and thiophene-based siloxydiene nucleophiles are in 
demand. 
H
O
OBn
N
Boc
OTBS
+
SnCl4, Et2O, -80 C
3.33
O
o O
OH
OBn
NBoc
O
H PhSH, TMSOTf
CH2Cl2, 0 C
80% 75%
3.40 3.41
Scheme 3.33. S
o
O
O
OH
OBn
NH
O
H H2, Pd/C
NaOAc, THF
O
O
OH
OH
NH
O
H 1, BH3.DMS, THF, 22 oC
2, 2 N HCl
95% 96%
OH
Oi-Pr
OH
OH
NH
H
1, PPh3, CCl4, Et3N
pyridine, 22 oC
2, BBr3, CH2Cl2, 22 oC
N
H
OH
OH
OH
3.43
ynthesis of indolizidine 3.42 Utlizing Siloxypyrrole 3.33.
53%
3.42
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3.5 π-Nucleophilicity of Silyl Enol Ethers 
     Before we go into the discussion of the research part, we should talk about the nucleophilicity of 
sion of 
73.167 Utilizing a 
dehyde and a 
vantage can also 
t carry an acidic 
 enol ether can be 
that of silyl enol 
n shown to work 
well in the Ag-peptide complex catalyzed Mannich reaction.29, 30 This illuminates a potential for the 
application of various kinds of siloxyfuran and related nucleophiles
silyl enol ethers. A Mannich reaction between an imine and a silyl enol ether is the imine ver
Mukaiyama aldol reaction, which was first reported by Teruaki Mukaiyama in 19
silyl enol ether as the nucleophile allows for a crossed aldol reaction between an al
ketone or a different aldehyde without self-condensation of the aldehyde. This ad
benefit the Mannich reaction by preventing the self-condensation of imines tha
α-proton. According to what Professor Mayr reported,168 the nucleophilicity of silyl
presented in this sequence (Figure 3.4).  
     As illustrated in Figure 3.4, the nucleophilicity of siloxyfuran lies between 
ether and silylketene acetal. Both silyl enol ethers and silylketene acetals have bee
 in the Ag-peptide complex 
bstituted siloxyfuran, we decided to extend the scope of the Ag-catalyzed vinylogous 
Mannich reaction to a more challenging topic: efficient construction of tertiary carbinol center through 
vinylogous Mannich addition of γ-substituted siloxyfuran to imine substrates.  
Dr. Carswell was the first one in our peptide group to explore this field. Some encouraging 
                                                       
catalyzed Mannich reaction. In addition, siloxyfuran and siloxypyrrole can gain extra stability from 
their contained aromaticity, which can be viewed as a compensation for the drawback of silyl enol 
ether. (Details will be discussed further in the synthesis of siloxyfuran and siloxypyrrole nucleophile) 
3.6 Asymmetric Vinylogous Mannich Reactions with γ-Substituted Siloxyfurans 
     After completing the study of vinylogous Mannich reactions with unsubstituted, α-substituted, 
and β-su
 
167 Mukaiyama, T.; Narasaka, K.; Banno, K. Chem.Lett. 1973, 2, 1011-1014. 
168 Mayr, H.; Kempf, B.; Ofial, A. R. Acc. Chem. Res. 2003, 36, 66-77. 
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Figure 3.4. π-Nucleophilicity's Squence for Silyl Enol Ether.
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results had been observed before I accepted the project from her hands. Her observations contributed 
t
hly prepared γ-substituted siloxyfuran can only be 
 
siloxyfurans. The increased the steric congestion during the C-C bond forming process caused by the 
presence of a methyl group at the γ-position of 3.44 may account for this unexpected reaction pathway. 
Moreover, α-addition product 3.47 is unstable and prone to eliminate the anisidine moiety to afford a 
diene 3.48. (To make it less co e number 3.47 is used to represent all α-addition products in 
elivering the 
significantly to the following studies, both in reaction optimization and understanding the reaction’s 
pathway. 
 Dr. Carswell’s study began with the preparation of the γ-substituted siloxyfuran. Though it is 
not commercially available, it can be synthesized readily according to the procedure shown in Scheme 
3.34 in moderate yields. Due to the existence of an 
electron-donating methyl group at the γ-position, 
he γ-substituted siloxyfuran is more prone to 
oxidation in the presence of air. Usually the fres
O
stored under N2 at low temperature for 3 days. Reduced conversion usually results in the Ag-catalyzed 
vinylogous Mannich reaction using γ-substituted siloxyfuran stored longer than 3 days.  
3.7 Initial Results for AVM Reactions with γ-Substituted Siloxyfurans 
Dr. Carswell’s initial studies for AVM reactions with siloxyfuran 3.44 also established that 
although the expected γ-addition product 3.46 is generated in excellent enantioselectivity (95% ee) and 
diastereoselectivity (>98% de), α-addition product 3.47 is obtained as a side product (<5% ee) as well. 
It is the first time we observed this unexpected α-addition in the Ag-catalyzed AVM reactions with
nfusing, th
this chapter) In addition, the reactivity of the catalytic AVM addition also drops as d
reaction with lower conversion under the previous optimized conditions. A range of amino acid based 
phosphine ligands have been screened by Dr. Carswell in an effort to improve the reaction’s 
conversion and regioselectivity, and the results are summarized in Scheme 3.35. 
Me O
TMSOTf, Et3N, THF
0 to 22 oC, 4 h OMe OTMS
30~70% yield
Scheme 3.34. S
3.44
ynthesis of γ-Substituted Siloxyfuran 3.44.
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Scheme 3.35. Initial Study about Ag-Catalyzed AVM Reactions with γ-Substituted Siloxyfuran 3.44.
     As shown in Scheme 3.35, we can summarize some observations. First, most phosphine ligands 
can deliver the reaction in moderate yields; Second, α-addition products always exist in the crude 
mixture of the catalytic reactions; Third, phosphine ligands derived from amino acids tle and chg are 
promising candidates for further optimization, as they provide an approximately 3:2 ratio of 
γ-addition :α-addition and afford 3.46 with 95% ee.  
To reduce the ratio of α-addition product 3.47, we carried out a temperature study on AVM 
reactions of γ-substituted siloxyfuran to imine 3.45. The results are summarized in Table 3.1. 
Unfortunately, neither lowering nor increasing temperature lead to a higher ratio of γ-addition to 
α-addition. At this point, we decided to carry out some experiments to understand why the α-addition 
N
MeO
+
O OTMSMe
5 mol% AgOAc
1.1 equiv i-PrOH, -30 oC,
undistilled THF, 18 h, air O
O
Me
HN
MeO
5 mol%
N
H
N
R
PPh2
O
OMe
O
Me
ONH
OMe
+
O
Me
O
3.45
3.46
H
1.1 equiv 3.47
3.44 γ-addition α-addition
3.48
N
H
N
Me
PPh2
O
OMe
N
NH
s-Bu
PPh2
O
OMe
N
H
N
t-Bu
PPh2
O
OMe
N
H
N
PPh2
O
OMe
Ph
N
H
N
PPh2
O
OMe
SBn
67% conversion, 68% ee for 3.46
3.46 : 3.47 = 14 : 86
63% conversion, 93% ee for 3.46
3.46 : 3.47 = 45 : 55 <10% conversion
CO2Bn
N
H
N
PPh2
O
OMe
Ot-Bu
N
H
N
PPh2
O
OMe
Ot-Bu
N
H
N
PPh2
O
OMe
N
H
N
PPh2
O
OMe
68% conversion, 95% ee for 3.46
3.46 : 3.47 = 51 : 49
41% conversion, 84% ee for 3.46
3.46 : 3.47 = 25 : 75
50% conversion, 78% ee for 3.46
3.46 : 3.47 = 21 : 79
47% conversion, 79% ee for 3.46
3.46 : 3.47 = 42 : 58
49% conversion, 80% ee for 3.46
3.46 : 3.47 = 55 : 45
51% conversion, 95% ee for 3.46
3.46 : 3.47 = 54 : 46
 136
product is generated.  
     We first excluded the possibility that the α-addition product is provided by background reaction. 
Either peptide ligand or AgOAc itself can not catalyze the formation of α-addition product 3.47. The 
answer w  out the following additives screen to improve the ratio of 
he reaction 
 supported by 
nce of 
as revealed when we carry
unt of AcOH in the prese
γ-addition to α-addition. Acetic acid generated from 5 mol% AgOAc during the process of t
may account for the generation of α-addition product 3.47. This observation was further
the experiment in entry 5 of Table 3.2. The existence of a small amo
N
MeO
+
O OTMSMe
5 mol % AgOAc
1.1 equiv i-PrOH
undistilled THF, 18 h, air O
O
Me
HN
MeO
5 mol %
N
H
N
t-Bu
PPh2
O
OMe
O
Me
ONH
OMe
+
3.45
3.46
H
1.1 equiv. 3.47
3.44 γ-addition α-addition
Table 3.1. Temperature Screen of Ag-Catalyzed AVM Reactions with γ-Substituted Siloxyfuran 3.44.
3.21
temp (oC) conv (%)a 3.46 : 3.47a ee of 3.46 (%)b
-78
-50
-30
-15
4
<5
53
59
30
54
/
54 : 46
48 : 52
46 : 54
36 : 64
/
97
96
93
91
a Determined by 400 MHz 1HNMR analysis; all reactions proceeded with >98% de.
b Determined by chiral HPLC ananlysis
N
MeO
+
O OTMSMe
5 mol % AgOAc
1.1 equiv i-PrOH, -30 oC,
undistilled THF, 18 h, air O
O
Me
HN
MeO
5 mol %
N
H
N
t-Bu
PPh2
O
OMe
O
Me
ONH
OMe
+
45
3.46
3.
H
1.1 equiv 3.47
3.44 γ-addition α-addition
Table 3.2. Backg yfuran 3.44.round Test of Ag-Catalyzed AVM Reactions with γ-Substituted Silox
3.21
ligand 3.21
1
2
3
4
5
0
a Determined by 400 MHz 1HNMR analysis
entry AgOAc conversion (%)aAcOH 3.46 : 3.47a
0 0 <5 /
0 5 mol %
5 mol %
5 mol %
5 mol %5 mol %
0 0
0
0
0
0
<5
<5
<5
51
/
/
/
0 : 100
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AgOAc furnished the reaction with only racemic α-addition product 3.47. This observation led to an 
additive screen, which aimed to quench the in situ generated acid and subsequently reduce the amount 
of α-addition product.  
     Since additives play an important role in this AVM reaction, an additive screen was carried out 
in an attempt to improve the ratio of γ-addition to α-addition. There are two kinds of additives that 
were tested. First, we examined different proton sources. Instead of i-PrOH, a range of alcoholic 
ratio; t limited 
none 55 54 : 46
additives carrying different sizes of alkyl groups were used in the catalytic AVM reaction (Table 3.3). 
Except for AcOH, all alcoholic additives including H2O provided no significant change to the product 
he use of acetic acid as an additive furnished solely α-addition product 3.47. Second, a 
N
MeO
+
O OTMSMe
5 mol % AgOAc
1.1 equiv additive, -30 oC,
undistilled THF, 18 h, air O
O
Me
HN
MeO
5 mol %
N
H
N
t-Bu
PPh2
O
OMe
O
Me
ONH
OMe
+
3.45
3.46
H
1.1 equiv 3.47
3.44 γ-addition α-addition
Table 3.3. Additive Screen for Ag-Catalyzed AVM Reactions with γ-Substituted Siloxyfuran 3.44.
3.21
none 73 53 : 47
conversion (%)a 3.46 : 3.47aproton source conversion (%)a 3.46 : 3.47abasic additiveb
i-PrOH
H2O
MeOH
t-BuOH
AcOH
74 49 : 51
53 : 4773
79 51 : 49
77 53 : 47
42 0 : 100
K2CO3
Na2CO3
2,6-lutidine
60
62
14
51 : 49
54 : 46
30 : 70
a Determined b
b 1.1 equiv i
y 400 MHz 1HNMR analysis; all reactions proceeded with >98% de.
-PrOH added to the reaction.
N
MeO
+
O OTMSMe
y mol % AgOAc
1.1 equiv i-PrOH, -30 oC,
undistilled THF, 18 h, air O
O
Me
HN
MeO
x mol %
N
H
N
t-Bu
PPh2
O
OMe
O
Me
ONH
OMe
+
3.45
3.46
H
1.1 equiv 3.47
3.44 γ-addition α-addition
Table 3.4. Different Combination of 3.21 and AgOAc for AVM Reactions with γ-Substituted Siloxyfuran 3.44.
3.21
AgOAc Ligand 3.21 conversion (%)a 3.46 : 3.47
5 mol % 5 mol % 63 49 : 51
10 mol % 10 mol % 79 45 : 55
5 mol % 10 mol %
5 mol % 15 mol %
37
16
46 : 54
53 : 47
a Determined by 400 MHz 1HNMR analysis
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number of basic additives were also tested with the aim to quench the in situ generated acetic acid, 
hich may account for the generation of α-addition product and subsequently increase the ratio of 
γ-addition product. We found both inorganic and organic base did not afford a higher ratio of 
γ-addition to α-addition and that application of organic amine base in the reaction caused reduced 
conversion and lower ratio of 3.46 to 3.37. 
     Moreover, the attempt to use a higher ratio of ligand 3.21 to AgOAc proved to be unfruitful too 
(Ta
w
ble 3.4). Combination of higher ratios of ligand 3.21 to AgOAc catalyzed the reaction with the 
same regioselectivity but significantly lower conversion (16-37%). In addition, increasing the catalyst 
loading to 10 mol % of both AgOAc and ligand resulted in higher conversion but still the same 
product distribution. 
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3.8 Protecting Group Manipulation for AVM Reactions with γ-Substituted Siloxyfurans 
It was at the end of 2006 that Dr. Carswell finished her postdoc study and left her project to me. 
After getting familiar with what she has done for this project, I began my research on this project. In 
one sub-group meeting, Professor Snapper talked about one ‘accident’ that happened in his lab. 
Somebody in his group failed when he ran a palladium coupling reaction in the flask with a cheap 
rubber cap. This reaction worked well before in the flask with a higher quality rubber cap. Professor 
Snapper told us that it may be because of the small amount of sulfur dissolved from the cheap rubber 
ap when the reaction solution refluxed in the flask. Sulfur is toxic to palladium, and the catalytic 
eaction stopped when the palladium catalyst was poisoned. It looked irrelevant to my project at the 
beginning, but this was where the good idea
c
r
 came from.  
After being illuminated by this story, I kept on thinking about the effects of sulfur on late 
transition metals, and developed an improved actvating group for the imine. This modification 
improved the results for Mannich reaction significantly, both in reactivity and selectivity (Scheme 
3.36).  
Incorporation of an ortho-thiomethyl aniline protecting group instead of ortho-anisidine lead the 
reaction to proceed with a significantly higher conversion (92% vs 62% conversion) and slightly better 
enantioselectivity (96% ee vs 94% ee) (Scheme 3.36). However, the ratio of γ-addition to undesired 
α-addition did not improve (3:2).  
Scheme 3.36. Protecting Group Manipulation for AVM Reactions with γ-Sbstituted Siloxyfuran 3.44.
N
MeX
+
O OTMSMe
5 mol % AgOAc
1.1 equiv i-PrOH, -30 oC,
undistilled THF, 18 h, air O
O
Me
HN
MeX
5 mol %
N
H
N
t-Bu
PPh2
O
OMe
O
3.21
ONH
XMe
+H
Me1.1 equiv
3.44
substrate X conv. (%)a γ : α yield (%)b ee (%)c
3.45
3.49
O
S
62
92
3:2
3:2
26
48
94
96
a Determined by analysis of 400-MHz 1H NMR spectra.
b Isolated yields of purified products. 
c Determined by chiral HPLC analysis.
γ-addition α-addition
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In subsequent studies, we discovered 
that carrying out the reaction under N  (vs 
under air) led to more reliable results. One 
potential explanation for this observation is 
that after incorporation of a methyl at the γ 
2
 siloxyfuran become more 
thus is now more prone to 
oxidation. After we ran the AVM reaction 
involving siloxyfuran 3.44 in distilled THF 
and under N2, the reaction became more 
position, the
electron rich and 
Ar
N
MeS
+
O OTMSMe
5 mol % AgOAc
1.1 equiv distilled i-PrOH, -30 C,o
0.1 M in distilled THF, 3 h, N2
Ar
O
O
Me
HN
MeS
1.1 equiv
N
H
N
t-Bu
PPh2
O
OMe
5 mol % 3.21
NH
3.443.49 3.50
Ar O
SMe
+
3.51
entry product conv. (%) Yield (%)γ : α ee (%)
Me
O
Table 3.5. Ag-Catalyzed AVM Reactions with Siloxyfuran 3.44.
a ba c
O
O
Me
HN
MeS
3.50a 94 3 : 2 52 94
3.50b
3.50c
3.50d
3.50e
3.50g
3.50f
O
HN
MeS
O
Me
>95
>95
>95
>95
>95
4 : 1
4 : 3
4 : 3
4 : 3
5 : 1
73 97
48 97
54 97
48 96
83 94
O2N
O
O
Me
HN
MeS
MeO
O
O
Me
HN
MeS
O
O
O
Me
HN
MeS
Br
O
O
Me
HN
MeS
Br >95 2 : 1 57 91
O
HN
MeS
Me
OBr
a By 400 MHz 1H NMR analysis. 
b Isolated yield of desired product after silica gel chromatography. 
c By chiral HPLC in comparison with authentic material (chiralpak OD).
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efficient and reliable. We also found this 
reaction can be finished in 3 hours due to 
the increased nucleophilicity of the 
siloxyfuran 3.44. A comprehensive 
substra
5
with high diastereoselectivity (>98% de) 
and enantioselectivity (91~97% ee). (3) 
Aldimines bearing a strong 
electron-withdrawing group (3.50b, 3.50j) 
e reduced size of the aryl substituent favors 
d 3-furyl substituted imine substrates would 
 results for product 3.50g and 3.50k present 
 2-furyl substituted imine substrate affords a 
l substituted product (3.50g) may be caused by 
sition state. (5) Bulky groups incorporated at 
cient catalytic reaction (3.50i). 
entry product conv. (%)a Yield (%)bγ : αa ee (%)c
an 3.44.Table 3.5. Ag-Catalyzed AVM Reactions with Siloxyfur
te scope has been investigated, and 
the results are summarized in Table 3. . A 
few points regarding Table 3.5 are worthy 
of noting: (1) Most substrates after catalytic 
AVM reactions can provide high conversion 
(>90% conversion), though α-addition 
product always exists in the reaction 
mixture, the desired γ-addition product can 
be isolated by column chromatography in 
moderate yield. (2) γ-Addition proceeds 
afford a higher ratio of γ-addition to α-addition. (4) If th
the formation the γ-addition product, both 2-furyl an
afford a higher ratio of γ-addition to α-addition, but the
two different ratios of γ-addition to α-addition. Only
higher ratio, so the unexpected higher ratio for 2-fury
oxygen at the ortho position chelating with Ag in the tran
the ortho position of the aryl substituent leads to an ineffi
O
O
Me
HN
MeS
3.50h
3.50i
3.50j
3.50k
O
O
Me
HN
MeS
O
O
Me
HN
MeS
F3C
O
O
Me
HN
MeS
96
no reaction
3 : 2
/
44 96
/ /
92
92
3 : 1
4 : 3
42 95
41 95
O
3.50l
O
O
Me
HN
MeS
no reaction / / /
BocN
a By 400 MHz 1H NMR analysis. 
b Isolated yield of desired product after silica gel chromatography. 
c By chiral HPLC in comparison with authentic material (chiralpak OD).
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Absolute and relative stereochemistry has been confirm
para-methoxy (3.50c) aryl substituted, meta-bromo (3.50e
3-furyl substituted Mannich product (3.50k). Compared to f
3.25, 
stereoc
prod
reacti
xpected, the 
amount of α-addition product was significantly reduced 
                                                       
ed by X-ray crystal structure analysis for 
) aryl substituted Mannich products and 
ormer results, unsubstituted siloxyfuran 
d siloxyfuran 3.44 provide the same 
generated adjacent to each other in the 
gestion needs to be overcome during the 
tion around the imine may increase the 
speed of the catalytic reaction, and subsequently 
improve the ratio of γ-addition to 
α-addition. Therefore, alkynylimines 
were investigated next.169  
Results for AVM reaction of 
siloxyfuran 3.44 to various 
alkynylimines are illustrated in Table 3.6. As e
β-substituted siloxyfuran 3.26 and γ-substitute
hemistry of the products. 
As a quaternary and a tertia
ucts, the energy barrier originati
on process, so we assumed that re
ry stereogenic centers are 
ng from steric con
ducing the steric conges
 
169 Some previous studies have been carried out in our group with silyl ketene acetyl. For details refer to reference 43. 
O
O
Me
HN
MeS
MeO
O
O
Me
HN
MeS
Br
3.50c 3.50e
Figure 3.5. Crystal Structure for Enantiopure Pr
O
O
Me
HN
MeS
O
3.50k
oduct of 3.50c, 3.50e and 3.50k.
Figure 3.6. Crystal Structure for Racemic Product of 3.53a.
O
O
Me
HN
MeS
3.53a
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an 3.44Table 3.6. Ag-Catalyzed Siloxyfur Addition to Alkyny
t-Bu H
N
compared to arylimines, especially for alkynylimines bearing aromatic
Though the diastereoselectivity was not as high as before wi
isolated yields and enantioselectivities remain impressive. Lo
oC did not improve the diastereoselectivity and led to an increased rati
 substituent (entry 3.53a, 3.53b).
th arylimines (8:1-5:1 vs >20:1), the 
wering the reactio  tem
 
n perature to -78 
Based on what shown in Table 3
step maybe responsible for the speed ,
substrates may also afford a higher rati
   Because the racemic products of catalytic AVM reactions of siloxyfuran 3.44 to imine substrates 
o of α-addition.  
.6, steric congestion around the C=N during the bond formation 
 of the catalytic reaction, and, therefore  linear aliphatic imine 
o of γ-addition to α-addition. It is a direction for further study. 
  
N
MeS
+
O OTMSMe
5 mol % AgOAc
1.1 equiv distilled i-PrOH, -30 oC,
0.1 M in distilled THF, 3 h, N2 O
O
Me
HN
MeS
1.1 equiv
N
PPh2
O
OMe
R R
H
5 mol % 3.21
3.52 3.44 3.53
O
Me
ONH
SMe
R
+
3.54
α-additionγ-addition
O
O
Me
HN
MeS
O
O
Me
HN
MeS
>95 >10 : 1 74 (combined)
entry product Conv. (%)a Yield (%)bγ : αa ee (%)c 
anti major
88
dra
8 : 1
3.53a
3.53b
>95 >10 : 1 75 (combined) 859 : 1
MeO
O
O
Me
HN
MeS
3.53c >95 2 : 1 53 (combined) 5 : 1 88
O
O
Me
HN
MeS
TIPS
3.53d
limines.
>98 3 : 1 66 (combined) 5 : 1 79
a By 400 MHz 1H NMR analysi
b Isolated yield after silica gel c
c B
s. 
hromatography; Combined both syn and anti isomers. 
y chiral HPLC in comparison with authentic material (chiralpak OD).
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are more easily crystallized than enantiopure products, we can only get the single crystal for racemic 
product 3.53a; the relative stereochemistry has been confirmed by X-ray crystal structure analysis 
(Figure 3.6). Similar to results for the AVM reaction with arylimines, the major product exists in the 
anti conformation. 
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3.9 Initial Studies on Catalytic AVM Reactions with Siloxypyrroles 
     Another project 
which was first explored 
by Dr. Carswell w
Scheme 3.37. Synthesis of Siloxypyrrole 3.55.
Et3N, THF, Boc O,
as the 
AVM reactions with 
siloxy
study
prepara
Boc-pr nished in four steps 
with 
eviously identified 
ons provided the 
expected product efficiently (91% 
conv.) and as a single diastereomer 
(>98% de), but only in moderate 
enantioselectivity (62% ee) 
(Scheme 3.38).170  
Thus, Dr. Carswell carried 
out a screen of 18 phosphine 
ligands derived from various amino 
acids with the aim to improve the enantioselectivity of the reaction. The results are summarized in 
Figure 3.7; tle and cha-containing ligands provide the highest level of enantioselectivity among all the 
ligands screened 
(64 and 69% ee 
repectively). 
Further ligand 
                                                       
pyrrole 3.55. This 
 began with the 
tion of 
otected siloxypyrrole 3.55. The synthesis starts from allylamine and is fi
48% overall yield as depicted in Scheme 3.37. 
AVM reactions with 3.55 and representative substrate imine 3.45 under pr
optimal conditi
 
170 Carswell E. L  Progress Report 12/06. 
H2N
0-23 oC, 2 h
Cl
O 76%
HN
O
2
DMAP (0.05 equiv) BocN
O
OTMS
CH2Cl2, reflux, 2 h
2.5 mol %
MesN NMes
Ru
Cl
Cl
Oi-Pr
BocN
O
TMSOTf, Et3N, THF
BocN
81%
THF, 22 oC, 18 h
86%
90%
0-23 oC, 1 h
3.55
N
MeO
+
N
Boc
OTMS
5 mol % AgOAc
1.1 equiv i-PrOH, -30 oC,
undistilled THF, 18 h, air
BocN
O
HN
MeO
5 mol %
N
H
N
t-Bu
PPh2
O
OMe
H
91% conv, >98% de
62% ee
1.1 equiv
Scheme 3.38. Initial AVM Reactions of Siloxypyrrole3.55 to Imine 3.45.
3.553.45
3.21
3.56a
Figure 3.7. Ligand Screen for AVM Reactions with Siloxypyrrole 3.55 to Imine 3.45.
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modification by varying the N- and C-terminus did not lead to any additional improvements in 
y. 
Dr. Carswell 
also tested 
temperature effects 
on the reaction’s 
enantioselectivity; 
the results are 
either increasing or 
erformed the AVM reaction with 3.55 using distilled THF and under 
nitrogen, comparing to the reaction using undistilled THF and under air, a lower enantioselectivity 
enantioselectivit
shown in Table 3.7, 
lowering 
temperature cause a 
decrease in the reaction’s enantioselectivity.  
However, when we p
N
MeO
+
N
Boc
OTMS
5 mol % AgOAc, additive
undistilled THF, -30 oC, 18 h, air
BocN
O
HN
MeO
5 mol %
N
H
N
t-Bu
PPh2
O
OMe
H
1.1 equiv
Table 3.8. Additive Screen for  AVM Reactions of Siloxypyrrole 3.55 to I
3.553.45
3.
additive conversion (%)a
90
97
97
76
76
a Determined by 400 MHz 1H NMR analysis;
all reactions proceeded with >98% de.
b Dete
mine 3.45.
21
3.56a
ee (%)b
98
84
64
70
66
rmined by chiral HPLC analysis.
i-PrOH
H O
MeOH
MeOH
BHT
98
96
equiv.
1.1
1.1
1.1
2.2
1.1
76
55
i-PrOH
2
H2O
2.2
2.2
1.1 equiv. i-PrOH, undistilled THF
air atmosphere:87% conversion, 81% yield, 64% ee
1.1 equiv. i-PrOH, distilled THF
nitrogen atmosphere:74% conversion, 58% yield, 44% ee
N
MeO
+
N
Boc
OTMS
5 mol % AgOAc
1.1 equiv i-PrOH,
undistilled THF, 18 h, air
BocN
O
HN
MeO
5 mol %
N
H
N
t-Bu
PPh2
O
OMe
H
1.1 equiv
Table 3.7. Temperature Screen for  AVM Reactions of Siloxypyrrole3.55 to Imine 3.45.
3.553.45
3.21
3.56a
temp ( C) nversion (%)a de (%)a ee (%)b
62
>98
>98
46
60
55
35
o co
-78
-50
-30
-15
4
62
91
>98
>98
>98
>98
>98
62
a Determined by 400 MHz 1H NMR analysis;
b Determined by chiral HPLC analysis.
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(44% ee vs 64% ee) was observed. This suggested to us that the quantity and source of a protonic 
additive may play an important role in the reaction’s selectivity. So an investigation about the effects 
of the quantity and source of protonic additives to the reaction’s enantioselectivity was
Dr. Carswell. The results are summarized in Table 3.8. 1.1 Equivalents H2O 
additive comparing to same amount of i-PrOH, delivering the reaction with hig
conv. vs 91% conv. for i-PrOH) and improved enantioselectivity (76% ee vs 64%
Protecting group modification on the siloxypyrrole with different electronic p
investigated by Dr. Carswell. Siloxypyrroles carrying electron-donating alkyl gr
Cbz-
can be prepared, 
lower conversion 
and selectivity were 
obtained when it was used as the nucleophile instead of the Boc-protected siloxypyrrole 3.55 (76% 
ell found the desired 
product could be isolated in near optical purity after one recrystallization and collection of the mother 
liquor (the vinylogous Mannich addition product crystallizes out in racemic form).  
 carried out by 
or MeOH is optimal 
her conversion (97% 
 ee for i-PrOH).  
roperties was also 
oup are unstable and 
can not be prepared 
effectively. Although 
protected 
siloxypyrrole 3.57 
conv., 44% ee vs >98% conv., 76% ee, Scheme 3.39). 
Before Dr. Carswell left, a variety of 
substrates bearing different substituents were 
tested in this catalytic AVM reaction under 
optimized conditions, the results are 
summarized in the Scheme 3.40. In each case, 
moderate enantioselectivity can be achieved (70~77% ee). Moreover, Dr. Carsw
In addition, the relative diastereoselectivity of the Mannich reaction product can be established 
by x-ray crystallography of 3.56b (Figure 3.8). The same anti diastereoselectivity was observed which 
BocN
O
HN
MeO
Br
3.56b
Figure 3.8. Crystal Structure of Mannich Reaction's Product 3.56b.
N
MeO
+
N
Cbz
OTMS
5 mol % AgOAc
1.1 equiv MeOH, -30 oC,
undistilled THF, 18 h, air
CbzN
O
HN
MeO
5 mol %
N
H
N
t-Bu
PPh2
O
OMe
H
76% conv, >98% de
44% ee
1.1 equiv
Scheme 3.39. Catalytic AVM Reactions with Different Siloxypyrroles.
3.573.45
3.21
3.58
N
Cbz
OTMSN
Boc
OTMS N
Me
OTMS N
Bn
OTMS
3.55 3.57 unstable unstable
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matches the product from the catalytic AVM reactions with unsubstituted siloxyfuran 3.25. 
5 mol %
N
H
Based 
optimize the  is
not satisfac
incorporate the ortho-thiomethyl aniline protecting group on the imine substrate. 
3.10 Protecting Group Manipulation for AVM Reactions with Siloxypyrrole 
 and imine should become tighter, because the 
tion metal Ag chelates more effectively with the 
 atom than with the harder oxygen atom. This may 
prove the enantioselectivity of the AVM reactions 
es the transition state become more defined.  
tifyingly, the primary results after we manipulated 
 protecting group were 
carrie
on what has been demonstrated above, although many attempts have been
AVM reaction involving siloxypyrrole 3.55, the enantioselectivity 
tory. Similar to our previous studies with γ-substituted siloxyfuran
 carried out to 
for the reaction  still 
 3.44, we decided to 
3.55 
     As depicted in Figure 3.9, after replacing the oxygen atom with a sulfur atom on the anisidine 
protecting group, the chelation between Lewis acid Ag
late transi
soft sulfur
help to im
as it mak
Gra
the protecting group proved our hypothesis correct. The reaction proceeds with higher conversion and 
improved enantioselectivity (>98% conv., 90% ee vs 87% conv., 77% ee, Table 3.9). Next, AVM 
reactions with a series of aromatic imines bearing the ortho-thiomethyl aniline
d out. Unfortunately, most of those catalytic reactions still led to insufficient levels of 
enantioselectivity (<85% ee) (Scheme 3.41). 
N
MeO
+
N
Boc
OTMS
5 mol % AgOAc
1.1 equiv MeOH, -30 oC,
undistilled THF, 18 h, air
BocN
O
HN
MeO
N
t-Bu
PPh2
O
OMe
H
BocN
O
HN
MeO
87% conv, >98% de
81% yield, 76% ee
after recrystallization:
58% yield, 96% ee
BocN
O
HN
MeO
>98% conv, >98% de
91% yield, 77% ee
after recrystallization:
60% yield, 98% ee
Br
BocN
O
HN
MeO
>98% conv, >98% de
89% yield, 70% ee
O2N
BocN
O
HN
MeO
1.1 equiv
Scheme 3.40. AVM Reactions of Siloxypyrrole3.55 to Imine 3.45.
3.553.45
3.21
3.56a
95% conv
71% yield
, >98% de
, 77% ee
MeO
3.56a 3.56b 3.56c 3.56d
Figure 3.9. Soft-Hard vs Soft-Soft Interaction.
N
Me
O
H
Ag+
N
Me
S
H
Ag+
soft-hard soft-soft
 149
Table 3.9. Different Protecting Group's Effect on Mannich Reaction with Siloxypyrrole 3.55.
Through one recrystallization, which can remove the racemic product effectively, a single 
crystal can be grown 
from the collected 
mother liquor of the 
highly enantiopure 
vinylogous product 
3.57b. So the relative 
and absolute 
stereochemistry can be 
identified by structure 
analysis for the x-ray 
crystallography of 
3.57b. As predicted, the 
same relative and absolute stereochemistry were observed as in the catalytic AVM reactions with 
BocN
O
HN
MeS
>98% conv, >98% de
95% yield, 90% ee
BocN
O
HN
MeS
>98% conv, >98% de
97% yield, 83% ee
Br
BocN
O
HN
MeS
>98% conv, >98% de
74% yield, 76% ee
O2N
BocN
O
HN
MeS
>98% conv, >98% de
93% yield, 76% ee
BocN
O
HN
MeS
>98% conv, >98% de
92% yield, 71% ee
O
Ar
N
MeS
+
N
Boc
OTMS
5 mol % AgOAc
1.1 equi o
undistill
v MeOH, -30 C,
ed THF, 18 h, air
Ar
BocN
O
HN
MeS5 mol %
N
H
N
t-Bu
PPh2
O
OMe
H
Scheme 3.41. AVM Reactions of Siloxypyrrole3.55 to Imine 3.49.
3.553.49
1.1 equiv
3.57a 3.57b
3.21
3.57
3.57c
3.57d 3.57e
Aryl
N
X
+
N
Boc
OTMS
5 mol % AgOAc
1.1 equiv MeOH, -30 oC,
undistilled THF, 18 h, air
Ar
BocN
O
HN
X5 mol %
N
H
N
t-Bu
PPh2
O
OMe
H
Y Y3.21
entry
1
2
3
5
6
8d 4-BrC H -SMe -OMe >98 >9894 86
a Determined by analysis of 400-MHz 1H NMR spectra.
b
c Determined by chiral HPLC analysis.
d Reaction with 2.0 equiv. 3.55.
6 4
Aryl X Y
1.1 equiv.
C6H5
C6H5
C6H5
4-BrC6H4
4-BrC6H4
6 4
conv.(%)a yield(%)b de(%)a
-OMe
-SMe
-SMe
-OMe
-SMe
H
H
-OMe
H
H
87
>98
>98
>98
>98
ee(%)c
>98
>98
>98
>98
>98
81
95
91
91
97
76
90
97
77
83
 Isolated yields of purified products.
4d C6H5 -SMe -OMe >98 >9891 97
7 4-BrC H -SMe -OMe >98 >9894 86
3.55
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unsubstituted siloxyfuran 3.25 (Figure 3.10).  
Further optimization revealed that the enantioselectivity of the AVM reaction could be improved 
if a methoxy group was 
positioned para to the imine 
nitrogen. However, due to a 
more electron-rich nature of the 
imine, the reaction’s efficiency 
suffered with 1.1 equivalents 
3.55, but enantioselectivity 
improved (comparing entries 2, 
obtain >98% conversion.  
atic imine substrates, we found 
rotecting group. At this moment, 
2-furyl substituted imine substrate 
3.58, ligand 
3 and 6, 7, Table 3.9). Therefore, 2.0 equivalents 3.55 were used to 
When we expanded the substrate scope to include different arom
the enantioselectivity dropped again even with the optimized imine p
three ligands were screened to improve the enantioselectivity. For 
3.61 provides higher enantioselectivity (Scheme 3.42).  
BocN
O
HN
MeS
Br
(S, R)
3.57b
Figure 3.10. Crystal Structure of Mannich Reaction's Product 3.57b.
N
MeS
+
N
Boc
OTMS
5 mol % ligand
5 mol % AgOAc
1.1 equiv MeOH, -30 oC,
undistilled THF, 18 h, air BocN
O
HN
MeS
H
2.0 equiv
N
H
N
t-Bu
PPh2
O
OMe
N
H
N
Me Et
PPh2
O
OMe
N
H
N
Me Ot-Bu
PPh2
O
OMe
OMe OMe
OO
>98% conv, >98% de
92% yield, 71% ee
>98% conv, >98% de
96% yield, 75% ee
>98%
96%
Scheme 3.42. Ligand Screen for AVM Reactions with Siloxypyrrole 3.55 to Imine 3.5
3.553.58 3.
3.21 3.60
8.
59
3.61
 conv, >98% de
 yield, 93% ee
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3.11 Exploration of Substrate Scope for AVM Reactions with Siloxypyrrole 3.55 
scope was carried out. Aldimines bearing an aromatic group can be e
experiments. In order to obtain reliable results, all the catalytic reacti
After optimizing the additive, protecting group, and ligands, an investigation of the substrate 
asily prepared and tested in these 
ons are carried out under nitrogen 
HN
MeS OMe
BocN
O
HN
MeS OMe
BocN
O
Br
Aryl H
N
MeS OMe
N
Boc
OTMS
+
2.0 equiv
PPh2
N
H
N
AA
O
OMeX mol %
X mol % AgOAc, N2, distilled THF
1.1 equiv MeOH
Aryl
HN
MeS OMe
BocN
O
X mol % temp (oC) time (h)ligand conv (%)a yield (%)b ee (%)c
O
3.21 5 -30 18 >
3.61 5 -30 18 >98 92 94
3.60 5 -30 18 >98 98 75
98 92 77
HN
MeS OMe
BocN
O
3.21 5 -30 18 >98 98 98
3.61 5 -30 18 >98 96 95
3.61 5 -30 24 87 87 97
3.61 5 -30 18 76 73 98
HN
MeS OMe
BocN
O
Br
3.61 5 -30 18 81 81 94
HN
MeS OMe
BocN
O
MeO
3.61 5 -30 30 43 nd 94
3.61 10 -30 30 67 60 96
3.61 10 -30 50 >98 96 97
3.553.58
3.59a
3.59b
3.59c
3.59d
3.59e
3.59
a Determined by analysis of 400-MHz 1H NMR spectra.
b Isolated yields of purified products.
c Determined by chiral HPLC analysis.
Table 3.10. ole 3.55 toAVM Reactions of Siloxypyrr Aryl Subsituted Imines.
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with distilled THF as solvent. The results are summarized in Table 3.10.  
Two additional points need to be mentioned here: First, all catalytic reactions were run in THF 
with 0.1 M concentration based on imine substrate. Second, all the products shown in Table 3.10 were 
obtained with >98% diastereoselectivity. Comparing the results shown in Table 3.10, some 
observations can be summarized. First, the rate of nucleophilic addition of siloxypyrrole 3.55 to imine 
3.58 decreased with substrate bearing an electron-donating group (3.58e), extra reaction time must be 
provided in order to reach high conversion. On the other hand, substrates carrying an 
electron-withdrawing group (3.58g) speed up the nucleophilic addition, but meanwhile they also 
afford lower enantioselectivity, even when carried out at -50 oC; only a moderate level of 
enantioselectivity (83% ee) can be obtained. Second, catalytic nucleophilic addition can also be 
carried out with imine substrates bearing an ortho substituent (3.59c) with high enantioselectivity, 
HN
MeS OMe
BocN
O
X mol % temp (oC) time (h)ligand conv (%)a yield (%)b ee (%)c
S
3.61 5 -30 18 45 44 96
3.61 10 -30 18 70 62 98
HN
MeS OMe
BocN
O
O2N
HN
MeS OMe
BocN
O
N
Boc
3.61 5 -30 18 no reaction / /
3.61 5 -50 18 >98 97 83
Aryl H
N
MeS OMe
N
Boc
OTMS
+
2.0 equiv
PPh2
N
H
N
AA
Table 3.10. AVM Reactions of Siloxypyrrole 3.55 to Aryl Substituted Imines.
O
OMeX mol %
X mol % AgOAc, N2, distilled THF
1.1 equiv MeOH
Aryl
HN
MeS OMe
BocN
O3.553.58 3.59
3.59f
3.59g
3.59h
a Determined by analysis of 400-MHz 1H NMR spectra.
b Isolated yields of purified products.
c Determined by chiral HPLC analysis.
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although at a reduced rate. Third, comparing the results of 3.59a and 3.59f, the nature o
heteroatom near the binding pocket on the substrate can change the rate of the catalytic reaction 
significantly. The soft heteroatom sulfur compared to the hard oxygen slows down the catalytic 
asymmetric addition dramatically. This can be explained as that sulfur atom disturbs the chelation 
between Lewis acid Ag and imine (N and S) more effectively since it has greater binding ability to Ag, 
and this chelation is not catalytic active. Fourth, the catalytic reaction can not be applied to hindered 
substrate 3.58h, no reaction occurred after 18 hours at -30 oC; this result matches with the observation 
of the reaction involving siloxyfuran 3.44. Similarly, indole ring containing substrate 3.49l, hindered 
Boc-protected indole ring may block the chelation between Ag and imine (N and S) completely and 
stop the catalytic reaction. Fifth, ligand 3.61 proved to be the optimal ligand for most of substrates 
except for substrate 3.58b. Compared to ligand 3.21, ligand 3.61 is more economically attractive. 
The stereochemistry of the catalytic AVM reaction has been proved by X-ray crystal structure 
analysis for the ortho-bromo (3.59c) aryl substituted Mannich product (Figure 3.11). Both the relative 
and absolute stereochemistry 
match with stereochemistry 
we observed from other AVM 
reactions involving 
unsubstituted and 
f the 
Figure 3.11. Ste oduct 3.59c.reochemistry and Crystal Structure of Mannich Reaction's Pr
β-substituted siloxyfuran as 
nucleophiles. This 
phenomenon indicates that AVM reactions involving unsubstituted and β-substituted siloxyfurans as 
well as siloxypyrroles that we studied proceed with similar transition states. 
HN
MeS OMe
Br
BocN
O(S, R)
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AVM reaction of siloxypyrrole 3.55 to various alkynylimines was also explored, and the results 
are summarized in Table 3.11. Again, all reactions proceed with >98% diastereoselectivity; phosphine 
ligand containing isoleucine as the source of chirality provided higher enantioselectivity in the 
catalytic AVM reactions. Because the reduced steric congestion around C=N double bond, the catalytic 
asymmetric additions all afford to >98% conversion within 18 hours. The introduction of an alkynyl 
group to the multi-functionalized lactam containg product provides more opportunities for structural 
modification, which is an interesting area awaiting further exploration.  
At the end, the research direction was moved to the aliphatic aldimines. Because of the stability 
H
N
MeS OMe
N
Boc
OTMS
+
2.0 equiv
PPh2
N
H
N
AA
O
OMe5 mol %
-30 oC, distilled THF
1.1 equiv MeOH
5 mol % AgOAc, N2, 18 h
HN
MeS OMe
BocN
O
R
R
HN
MeS OMe
BocN
O
HN
MeS OMe
BocN
O
ligand conv (%)a yield (%)b ee (%)c
3.61 >98 93 93
3.61 >98 98 86
3.553.62 3.63
3.21 >98 86 79
3.61 >98 96
3.61 >98 95 95
MeO
HN
MeS OMe
BocN
O
TIPS
HN
MeS OMe
BocN
O
92
3.63a
3.63b
3.63c
3.63d
a Determined by analysis of 400-MHz 1H NMR spectra.
b Isolated yields of purified products.
c Determined by chiral HPLC analysis.
d Reaction was ca
d
rried out in 0.05 M concentration
Table 3.11. AVM Reactions of Siloxypyrrole 3.55 to Alkynyl Substituted Aldimines.
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issue inherent to alkyl substituted aldimines, instead of trying to isolate the unstable aliphatic imine 
substrate, the imines were generated in situ. The unpurified crude imine prepared by mixing the 
aliphatic aldehyde and ortho-thiomethyl-para-methoxyaniline was used directly in the catalytic 
reaction, which proceeds with high efficiency and selectivity, as shown in Scheme 3.43. The 
conversion and isolated yield indicate that the aliphatic aldimine can be generated efficiently and 
consumed quickly in the catalytic reaction. It is noteworthy that efficient AVM reactions with aliphatic 
aldimines are rare when compared to AVM reactions involving aryl and alkynyl substituted aldimines. 
N
Boc
OTMS
2.0 equiv
PPh2
N
H
N
O
OMe
5 mol %
5 mol % AgOAc, N2, distilled THF
1.1 equiv MeOH, 18 h
HN
MeS OMe
BocN
O
Me Et
H
O
+
MeO SMe
NH2
MgSO4
CH2Cl2, 10 min H
N
OMeMeS
+
>95% conversion, >98% de,
82% yield, 91% ee
3.55
3.61
Scheme. 3.43. ole 3.55 toAVM Reactions of Siloxypyrr Aliphatic Substrate.
3.64
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3.12 Application of ortho-Thiomethyl-para-methoxyaniline in Three-component Catalytic AVM 
Reactions of alkyl-Substituted Aldimines 
     The idea of using the “softer” chelating heteroatom sulfur with the late transition metal silver 
instead of oxygen also helps the development of three-component Ag-catalyzed enantioselective AVM 
reactions of alkyl-substituted aldimines involving siloxyfurans.171 This project was mainly completed 
by another group member Hiroki Mandai, who also worked on the ‘Mannich’ project. The 
examination of different protecting groups in the reactions of the aldimines derived from 
cyclohexylcarboxaldehyde was shown in Table 3.12. A more effective association of the “softer” 
sulfur atom with the late transition metal silver resulted in a more organized reaction transition state 
                                                        
171 For details, please refer to: Mandai, H.; Mandai, K.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 17961-17969. 
CHO
H2N G
O OTMS
3.25
3.65a-d
5 mol % AgOAc, 2.0 equiv MgSO4
1.1 equiv i-PrOH, -78 oC,
undistilled THF, 20 h, air
5 mol %
N
H
N
t-Bu
PPh2
O
OMe
3.21 HN
G
O
O
entry N-aryl group product conv (%)a yield (%)b dea ee (%)c
H2N
MeO
H2N
MeO OMe
H2N
MeS OMe
H2N
MeS
1
2
3
4
3.65a
3.65b
3.65c
3.65d
3.66
3.67
3.68
3.69a
>98
>98
>98
>98
44
81
58
90
90
92
>98
>98
88
88
97
>98
a By 400 MHz 1H NMR analysis (based on disappearance of aldehyde). 
b Isolated yield after silica gel chromatography. 
c By chiral HPLC in comparison with authentic material.
Table 3.12. Examination of Various N-Aryl Groups in Three-Component Enantioselective AVM Reaction Involving
an Aliphatic Aldehyde.
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and subsequently improved enantiodifferentiation (comparing entry 1, 2 vs 3, 4; Table 3.12). In 
addition, the presence of the a methoxy group para to the imine nitrogen atom favors the in situ 
oderate yield for alkyl-substituted AVM product makes this protocol potentially synthetic useful. 
O
generation of the alkyl-substituted aldimine substrate, which can provide the desired product with 
higher isolated yield (fewer side-products caused by imine decomposition during the reaction process) 
(comparing entry 1, 3 vs 2, 4; Table 3.12). 
     A variety of alkyl-substituted aldimines generated in situ from alkyl-substituted aldehydes and 
ortho-thiomethyl-para-methoxyaniline 3.65d have been tested in Ag-catalyzed enantioselective AVM 
reactions (Scheme 3.44). Some of the products bearing heteroatoms are synthetically versatile, but 
have been scarcely examined in this context. Perfect enantioselectivity was obtained in every case, and 
the m
OTMS
5 mol % AgOAc, 2.0 equiv MgSO4
1.1 equiv i-PrOH, -78 oC,
undistilled THF, 20 h, air
5 mol %
N
H
N
t-Bu
PPh2
O
OMe
O
O
HN
MeS
50% yield, >98% de
>98% ee, reaction at -30 oC
2.0 equiv
MeS OMe
H2N
alkyl
O
O
HN
MeS OMe
OMe
O
O
HN
MeS OMe
88% yield, >98% de
>98% ee
O
O
HN
MeS OMe
79% yield, >98% de
>98% ee
O
O
HN
MeS OMe
BnO
59% yield, >98% de
>98% ee
O
O
HN
MeS OMe
BocHN
59% yield, >98% de
>98% ee
O
O
HN
MeS OMe
MeO
O
56% yield, >98% de
>98% ee
alkyl O
3.65d
or
O OTMS
Me
3.25 3.26
3.21
alkyl
HN
MeS OMe
O
Me
O
or
3.69 3.70
3.69b 3.69c
3.69e 3.69f 3.69g
3.69d
O
O
HN
MeS OMe
90% yield, >98% de
>98% ee
3.69a
HN
MeS OMe
O
Me
O
3.70
88% yield, >98% de
>98% ee
Scheme 3.44. Ag-Catalyzed Three-Component Enantioselective AVM Reactions of Alkyl-Substituted Aldimines with
Siloxyfuran 3.25 or 3.26.
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3.13 Application of ortho-Thiomethyl-para-methoxyaniline in Ag-Catalyzed Enantioselective 
Aza-Diels-Alder Reactions of alkyl-Substituted Aldimines and Danishefsky Diene 
     Another interesting application of this new idea ‘sulfur-silver’ chelation is the Ag-catalyzed 
enantioselective aza-Diels-Alder reactions for alkyl-substituted aldimines and Danishefsky diene 3.71. 
This work was also completed by Dr. Mandai, a very dedicated group member in ‘team Mannich’. 
more organized, and subsequently improved enantiodifferentiation; while the para-methoxy group 
favors the in situ formation of alkyl-substituted aldimine by increasing the nucleophilicity of the 
aniline (Ag-catalyzed cycloaddition with i-Bu-substituted aldimine derived from 
ortho-methoxyaniline 3.65a, under identical conditions shown in Scheme 3.45, afforded to desired 
product only in 16% 
yield and 96% ee). 
5 mol % AgOAc, 2.0 equiv MgSO4
Formation of alkyl-substituted aldimine occurs with the help of MgSO4, and then reacts with the 
Danishefsky diene 3.71 catalyzed by peptide ligand and AgOAc, followed by cyclization. Three 
transformations can be completed in one pot, and the isolated yield is still good (Scheme 3.45).  
The role of ortho-thiomethyl-para-methoxyaniline protecting group is the same as what we 
discussed above. ortho-Thiomethyl can make the chelation between the substrate and Lewis acid Ag 
1.1 equiv i-PrOH, 0 oC,
HF, 20 h, air
5 mol %
undistilled T
N
H
N
t-Bu
PPh2
O
OMe
2.0 equiv
MeS OMe
H2N
alkyl O
3.65d 3.21
Scheme 3.45. Ag-Catalyzed Asymmetric Aza-Diels-Alder Reactions of
Alkyl-Substituted Aldimines with Danishefsky Diene 3.71.
MeO
OMe
OTMS
3.71
N
SMe
Oalkyl
3.72
N
MeO SMe MeO
O
3.72a
88% yield, 92% ee
N
SMe MeO
O
3.72b
88% yield, 93% ee
N
SMe
OMeO2C
3.72c
53% yield, 90% ee
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3.14 Removal of the ortho-Thiomethyl-para-methoxyaniline Protecting Group 
The explorative study to remove this S-containing N-activating group was also finished by Dr. 
rted 
metho
oxygen with the soft late transition metal Ag due to improved overlap (Figur
transition state becomes more defined and enantioselectivity improves. A si be 
made for increased enantioselectivity 
observed when a methoxy group is 
incorporated para to the nitrogen thus 
making the nitrogen even more Lewis 
basic. 
Based on t chanistic working he idea of prote p manipulation was 
proposed; electron donation from softer sulfur atom to silver Lewis acid and the back bonding from 
silver to sulfur all become more efficient. On the opposite way, the improvement both on reactivity 
and enantioselectivity through this successful modification also supports this hypothesized working 
model. 
                                                       
Mandai. Oxidation mediated by 
2.4 equivalents of CAN (cerric 
ammonium nitrate) completed in 
10 min, after subsequent 
hydrolytic workup, the free amine 
product can be obtained in 84% yield. This deprotection method, in contrast to the former repo
d172 for removing the ortho-anisidyl group of the AVM reaction product, is more convenient and 
efficient (Scheme 3.46).  
3.15 Proposed Mechanistic Models 
In the examples discussed above, the ortho-thiomethyl aniline N-activating group allowed for 
the AVM reactions with higher enantioselectivity and reactivity comparing to ortho-anisidine 
N-activating group. We believe that is because the softer sulfur atom chelates more effectively than 
e 3.12). Therefore, the 
milar argument can 
his me model, t cting grou
 
172 Carswell, E. L.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2006, 45, 7230-7233. 
N
R
O
N
H
Ar
P
Ph
Ph
SMe
N
Ar
H
Ag+
-OAc
O
O
Si
R
Figure 3.12. Proposed Working Model.
N
R
O
N
H
Ar
P
Ph
Ph
SMe
N
Ar
H
Ag+
-OAc
NBoc
O
Si
OMe
HN
MeS OMe
O
O3.69a
2.4 equiv CAN
4:1 MeCN:H2O, 0 C, 10 min
1 N aq. HCl, 22 oC, 1 h
1 N aq. NaOH (pH = 10)
o
NH2
O
O
3.73
Scheme 3.46. Removal of the New N-Activating Group.
84% yield
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3.16 Conclusion and Future Plan 
We have carried out studies to expand the scope of Ag-catalyzed AVM reactions to include 
γ-substituted siloxyfuran 3.44 and  of 
S-containing aniline protecting group
enantioselectivity for AVM reactions. lso 
demonstrated by the three-compone
3.25 and 3.26 with alkyl-substituted aldimines and the aza-Diels-Alder reactions for alkyl-substituted 
aldimines and Danishefsky diene 3.71.  
Application of γ-substituted siloxyfuran
siloxypyrrole 3.55 nucleophiles. The idea of incorporation
s on the imine substrates successfully improved conversion and 
The ability of the S-containing protecting groups was a
nt catalytic enantioselective AVM reactions involving siloxyfuran 
 3.44 and siloxypyrrole 3.55 nucleophiles in the 
kyl-substituted aldimines is in progress. Other interesting 
nucleo
three-component AVM reactions for al
philes and substrates will also be tested in this context. More challenging AVM reactions for 
ketoimine substrates involving nucleophiles mentioned above will test the catalytic potential for this 
Ag-catalyzed process. Meanwhile, the applications of those products in the synthesis of biologically 
active molecules will also be explored in future studies. 
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Appendix 
Ag-catalyzed 
asymmetric 
vinylogous Mannich 
reactions. Interestingly, 
the reaction proceeded 
with high efficiency 
but with low 
enantioselectivity 
(Table 4.1). 
Background test 
                                                       
Ag-Catalyzed Enantioselective Imine Allylation with Allyl Boronates 
This chapter discusses a project that I initiated at the beginning of 2008, Ag-catalyzed 
enantioselective imine allylation. Because the allyl group is a versatile functionality that can be easily 
transformed into other groups, enantiopure homoallylic amines can be used as synthetic intermediates 
towards a variety of complex natural products and pharmaceutically relevant compounds.173 In 
addition, this structural motif is also present in various molecules with wide-ranging biological 
significances.174 
Considering the importance of enantiopure homoallylic amines, we tried to apply the 
peptide-Lewis acid complex catalysis system to the method of generating chiral homoallylic amines 
directly: asymmetric allylation of imines. The important concept about ‘sulfur-silver soft-soft’ 
chelation was a driving motivation in the new project. The research started with the same mono-amino 
acid ligand used in the 
Table 4.1. Initial Study on Ag-Catalyzed Enantioselective Imine Allylation.
 
173 (a) Kim, G.; Chu-Moyer, M. Y.; Danishefsky, S. J. J. Am. Chem. Soc. 1990, 112, 2003-2005. (b) Nicolaou, K. C.; Mitchell, H. J.; van Delft, 
F. L.; Rubsam, F.; Rodriguez, R. M. Angew. Chem., Int. Ed. 1998, 37, 1871-1874. (c) Wright, D. L.; Schulte, J. P., II; Page, M. A. Org. Lett. 
2000, 2, 1847-1850. (d) Xie, W.; Zou, B.; Pei, D. Ma, D. Org. Lett. 2005, 7, 2775-2777. (e) White, J. D.; Hansen, J. D. J. Org. Lett. 2005, 70, 
1963-1977.  
174 (a) Lloyd, H. A.; Horning, E. C. J. Org. Chem. 1960, 25, 1959-1962. (b) Doherty, A. M.; Sircar, I.; Kornberg, B. E.; Quin, J., III; Winters, R. 
T.; Kaltenbronn, J. S.; Taylor, M. D.; Batley, B. L.; Rapundalo, S. R.; Ryan, M. J.; Painchaud, C. A. J. Med. Chem. 1992, 35, 2-14. (c) Schmidt, 
U.; Schmidt, J. Synthesis 1994, 300-304. (d) Barrow, R. A.; Moore, R. E.; Li, L.-H.; Tius, M. A. Tetrahedron 2000, 56, 3339-3351. (e) Janjic, J. 
M.; Mu, Y.; Kendall, C.; Stephenson, C. R. J.; Balachandran, R.; Raccor, B. S.; Lu, Y.; Zhu, G.; Xie, W.; Wipf, P.; Day, B. W. Bioorg. Med. 
Chem. 2005, 13, 157-164. (f) Suvire, F. D.; Sortino, M.; Kouznetsov, V. V.; Vargas, M. L. Y.; Zacchino, S. A.; Cruz, U. M.; Enriz, R. D. Bioorg. 
Med .Chem. 2006, 14, 1851-1862. 
N
MeS
+
AgOAc, 4 oC, THF, N2, 3 h
N
H
N
t-Bu
PPh2
O
OMe
H
O
B
O
2.0 equiv.
HN
MeS
>98% conversion
96% yield, 6% ee
4.2
4.3
4.1 4.4
entry Ligand AgOAc conversion (%)a ee (%)b
1
2
3
4
0 0 0 /
10 mol % 0 12 9
0 10 mol % 48 /
10 mol % 10 mol % >98 6
a Determined by 400 MHz 1HNMR analysis; 
b Determined by chiral HPLC analysis.
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reactions indicated that both phosphine ligan  AgOAc (entry 3) can catalyze the reaction 
by itself a ucts. 
What 
llylation of Imines Involving Allyl Boronates 
     
(X = O or N) 
double bonds. A 
number of typical 
allyl reagents, such 
as allyl silanes, 
allyl boronates and 
boranes have been 
used successfully 
in the development 
of asymmetric 
imines. 175  
d (entry 2) and
t 4 oC, and a chiral phosphine ligand can introduce some degree of chirality to the prod
is important, as well as encouraging to note, is that when the reaction is carried out under a 
combination of phosphine ligand and AgOAc (entry 4), the desired homoallylic amine products are 
cleanly afforded with high efficiency (>98% conversion). This means the peptide-Lewis acid complex 
has a significant catalytic impact on the reactions. All of these characteristics attracted our attention to 
do more studies on this transformation. 
4.1 Asymmetric A
In the past decades, significant progress has been made on the introduction of an allyl group to 
molecules by 
nucleophilic 
addition to C=X 
allylation of 
Scheme 4.1. Scott E. Schaus' Asymmetric Allylboration of Acyl Imines.
Ph
OH
OH
Moreover, addition 
                                                        
175 a) Panek, J. S.; Jain, N. F. J. Org. Chem. 1994, 59, 2674-2675. b) Schaus, J. V.; Jain, N. F.; Panek, J. S. Tetrahedron 2000, 56, 10263-10274. 
c) Berger, R.; Rabbat, P.; Leighton, J. J. Am. Chem. Soc. 2003, 125, 9596-9597. d) Berger, R.; Duff, K.; Leighton, J. J. Am. Chem. Soc. 2004, 
126, 5686-5687. e) Sugiura, M.; Hirano, K.; Kobayashi, S. J. Am. Chem. Soc. 2004, 126, 7182-7183. f) Wu, T. R.; Chong, J. M. J. Am. Chem. 
Soc. 2006, 128, 9646-9647. g) Canales, E.; Hernanderz, E.; Sodequist, J. A. J. Am. Chem. Soc. 2006, 128, 8712-8713. 
3 Å MS, toluene, 22 oC, 48 h, Ar
Ph15 mol %B
i-PrO
Oi-Pr
+
H R
N
Ph
O
R
HN
Ph
O
HN
Ph
O
87% yield, 98% ee
O
HN
Ph
O
84% yield, 93% ee
HN
Ph
O
81% yield, 99% ee
HN
Ph
O
83% yield, 92% ee
O
1.0 equiv
Ph
HN
Ph
O
82% yield, 91% ee
HN O
82% yield, 91% ee
4.5
3 Å MS, toluene, 22 oC, 48 h, Ar
Ph
Ph
OH
OH
15 mol %
B
i-PrO
Oi-Pr
1.0 equiv
4.5
H R
N
Ph
O
HN
Ph
O
CH3
CH3
B
i-PrO
Oi-Pr
1.0 equiv CH3
85% yield
>98% de, >98% ee
68% yield
96% de, 88% ee
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to carbon nitrogen double bonds utilizing various metal based allyl reagents, including both catalytic 
and noncatalytic approaches, have also been developed.176  
Given our efforts, the following focuses on some recent examples of asymmetric allylation of 
imines involving allyl boronates. In 2007, Professor Schaus reported an enantioselective allylboration 
of acyl aldimines promoted by BINOL-derived catalysts 4.5.177 The asymmetric allylations provide 
the desired products with good yields (75~94%) and high enantioselectivity (90~99% ee). Moreover, 
g result; the use of both (E)-crotyl the asymmetric allylation of benzoyl imine provides an interestin
boronate and (Z)-crotyl boronate all resulted in the formation of anti-addition product. The use of 
(E)-crotyl boronate provides the anti-addition product with high diastereoselectivity (>98% de) and 
Scheme 4.2. Asymmetric Allylboration of Ketones and Ketoimines.
R Me
                                                        
176 a) Cook, G. R.; Maity, B. C.; Karbo, R. Org. Lett. 2004, 6, 1741-1743. b) Miyabe, H.; Yamaoka, Y.; Naito, T.; Takemoto, Y. J. Org. Chem. 
2004, 69, 1415-1418. c) Vilaivan, T.; Winotapan, C.; Banphavichit, V.; Shinada, T.; Ohfune, Y. J. Org. Chem. 2005, 70, 3464-3471. d) Friestad, 
G. K.; Korapala, C. S.; Ding, H. J. Org. Chem. 2006, 71, 281-289. e) Ferraris, D.; Young, B.; Cox, C.; Dudding, T.; Drury, W. J., III; Ryzhkov, 
L.; Taggi, A. E.; Lectka, T. J. Am. Chem. Soc. 2002, 124, 67-77. f) Kiyohara, H.; Nakamura, Y.; Matsubara, R.; Kobayashi, S. Angew. Chem., 
Int. Ed. 2006, 45, 1615-1617. g) Wada, R.; Shibuguchi, T.; Makino, S.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2006, 128, 
7687-7691. h) Hamada, T.; Manabe, K.; Kobayashi, S. Angew. Chem., Int. Ed. 2003, 42, 3927-3930. i) Nakamura, H.; Nakamura, K.; 
Yamamoto, Y. J. Am. Chem. Soc. 1998, 120, 4242-4243. j) Fernandes, R. A.; Stimac, A.; Yamamoto, Y. J. Am. Chem. Soc. 2003, 125, 
14133-14139. k) Yamamoto, Y.; Fernandes, R. J. Org. Chem. 2004, 69, 735-738. l) Gastner, T.; Ishitani, H.; Akiyama, R.; Kobayashi, S. 
Angew. Chem., Int. Ed. 2001, 40, 1896-1898. m) Kargbo, R.; Takahashi, Y.; Bhor, S.; Cook, G. R.; Lloyd-Jones, G. C.; Shepperson, I. R. J. Am. 
Chem. Soc. 2007, 129, 3846-3847. n) Tan, K. L.; Jacobsen, E. N.; Angew. Chem., Int. Ed. 2007, 46, 1315-1317. 
177 Lou, S.; Moquist, P. N.; Schaus, S. E. J. Am. Chem. Soc. 2007, 129, 15398-15404. 
R Me
NBn
B
O
O
+
3.0 equiv
CuF-ligand (10 mol %)
LiOi-Pr (30 mol %), t-BuOH (1.0 equiv)
toluene, 0 oC, 0.5~24 h R
Me
NHBn
Me
NHBn
92% yield, 89% ee
Me
NHBn
88% yield, 92% ee
Me
NHBn
Ph
98% yield, 23% ee
ligand:
P
P
R
R
R
R
DuPHOS R=
O
B
O
O
+
1.2 equiv
Me
R
OH
94% yield, 82% ee
OH
Ph
96% yield, 67% ee
P
P
i-Pr
i-Pr
i-Pr
6 mol %
i-Pr
3 mol % CuF2.2H2O
4.5 mol % La(Oi-Pr)3
DMF, -40 oC, 1 h
OH OH
S
OH
Me Me Me Me
84% yield, 85% ee 99% yield, 91% ee
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enantioselectivity (>98% ee), while the use of (Z)-crotyl boronate results in a lower 
diastereoselectivity (96% de) and enantioselectivity (88% ee); and the yield for the anti-addition 
product also dropped from 85% to 68% comparing to the reaction involving (E)-crotyl boronate. In 
this report, Professor Schaus also did some mechanistic investigation and provided a proposed 
working model: acyclic boronates are activated by 
chiral diols via exchange of one of the boronate 
alkoxy groups, and imine substrate is activated via 
hydrogen bonding with chiral diols.  
Another important example is the catalytic 
enantioselective allylation of ketoimines developed 
by Professor Shibasaki, which was briefly 
discussed in Chapter 2. This is the first and only 
example of catalytic asymmetric ketoimine 
allylation so far. Actually, this methodology is an 
expansion of the catalytic enantioselective 
allylboration of ketones (Scheme 4.2
CuF-phosphine
+ LiOi-Pr + 4.2
Cu
R R'
N Ph
R
R'
N Ph
Cu
CuOt-Bu
t-BuOH
R
R'
HN Ph
4.2
BPin
t-BuO
Cu
t-BuO-BPin
Figure 4.1. Proposed Catalytic Cycle.
).178 In both of these methods, active allylcopper is generated 
through transmetallation and used as the nucleophile. La(Oi-Pr)3 or Li(Oi-Pr) can accelerate the 
                                                        
178
N
MeS
+
10 mol % AgOAc, -30 oC
THF, N2, 3 h
H
O
B
O
2 equiv.
10 mol % ligand
HN
MeS
N
H
N
t-Bu
PPh2
O
OMe
N
H
N
Me Et
PPh2
O
OMe
N
H
N
Ot-Bu
PPh2
O
OMe
>98% conversion, 6% ee >98% conversion, 8% ee
>98% conversion, 12% ee
N
H
N
i-Pr
PPh2
O
OMe
N
H
N
PPh2
O
OMe
N
H
N
OTrt
PPh2
O
OMe
>98% conversion, 6% ee
>98% conversion, 10% ee >98% conversion, 13% ee
Scheme 4.3. mono-Amino Acid Phosphine Ligand Screen for Imine allylation Reaction.
4.1 4.2 4.4
 Wada, R.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 8910-8911. 
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transmetallation step to generate the active allylcopper (Figure 4.1). The generation of allylcopper 
reagent can effectively overcome the hurdles for the attenuated reactivity of ketones and ketoimines.  
4.2 Initial mono-Amino Acids Peptide Ligand Screen for Asymmetric Imine Allylation 
     After obtaining the encouraging primary results, a screen of mono-amino acid peptide ligands 
with similar backbone structure to the imine allylation reactions under the identical conditions as the 
exploratory reaction except for a lower temperature (-30 oC) was carried out. All of the tested ligands 
selectivity 
re 4.2, the phosphine on the peptide 
ckbone structure, after chelating 
 make the Ag become 
f
tio
en
gen is proposed in this working model. 
at -30 oC can deliver the reaction with high efficiency (>98% conversion) but low enantio
(6~13% ee) (Scheme 4.3). The constant high conversion indicates that the phosphine peptide 
ligand-Ag complex potentially can be a good candidate catalyst for the imine allylation reaction. In 
addition, with a couple of di-peptide phosphine ligands available in hand, some initial reactions were 
carried out and the results show that di-peptide phosphine ligand can provide the product with a 
slightly higher enantioselectivity, so subsequent di-peptide ligand screens were carried out. Also, the 
possibility that significant amount of the reaction happened during the work-up step was ruled out by a 
reaction time study, which will be explained in a later paragraph. 
4.3 di-Peptide Ligand Screen for Asymmetric Imine Allylation 
a) N-Terminus Screen on di-Peptide Ligand for Asymmetric Imine Allylation 
     Utilizing the Mannich reaction’s catalytic system as a working guide, a model for the 
asymmetric imine allylation can be developed. As shown in Figu
ligand baFigure 4.2. Proposed Working Model for Asymmetric Imine Allylation.
with the Ag atom, can
more Lewis acidic. The acidic Ag atom can 
chelate with sulfur and nitrogen together on 
the substrate’s protecting group, so the imine 
ectively. Allyl boronates, after binding with the 
n center from a specific direction, and through 
antioselectivity. What is worthy to note is that 
substrate can be fixe round the Lewis acid center ef
amide carbonyl oxygen, can be delivered to the reac
nucleophilic addition, provide the product with high 
the hard-hard interaction between atom boron and oxy
d a
N
R
O
N
P
Ph
Ph Me
S
N
Ar
H
Ag+
-OAc
O
NHn-Bu
H Ph
B
ORRO
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     The screen of peptide ligands was carried out under the direction of this proposed working 
model. After testing a couple of available peptide ligands in hand, we found di-peptide phosphine 
ligand, comparing to mono-amino acid ligand, usually provides the product with higher 
enantioselectivity. As shown in Scheme 4.4, nine ligands bearing different N-terminus were tested in 
the catalytic reaction. Schiff base phosphine containing ligand 4.5 can catalyze the reaction with >98% 
conversion and 17% ee, while the reduced amine ligand 4.6 can still provide the product with >98% 
conversion, but in lower and opposite enantioselectivity. When the Schiff base N-terminus was 
modified to amide, the ability of phosphine containing ligand 4.7 in catalyzing the reaction dropped 
significantly. Combined with AgOAc, it can only promote the catalytic reaction with 20% conversion, 
and -6% ee. Ligands that use oxygen (4.8, 4.11) or nitrogen (4.9, 4.10) to chelate with Lewis acid Ag, 
N
MeS
+
10 mol % AgOAc, -30 oC, THF, N2, 3 h
H
O
B
O
10 mol % ligand
HN
MeS
N
H
N
i-Pr
PPh2
O
NHn-Bu
O
Bn
N
H
N
i-Pr
OH
O
NHn-Bu
O
Bn N
N
H
N
i-Pr
O
NHn-Bu
O
Bn
>98% conversion, 17% ee
after 12 h, 33% conversion, 7% ee after 12 h, 86% conversion, 12% ee
N
H
N
i-Pr
SMe
O
NHn-Bu
O
Bn
>98% conversion, rac
N
H
N
i-Pr
O
NHn-Bu
O
Bn
>98% conversion, rac
S
N
H
N
i-Pr
O
NHn-Bu
O
Bn
20% conversion, 2% ee
O
N
H
H
N
i-Pr
O
NHn-Bu
O
Bn
20% conversion, -6% ee
N
H
N
i-Pr
O
NHn-Bu
O
Bn
62% conversion, -4% ee
N
N
Me
N
H
H
N
i-Pr
PPh2
O
NHn-Bu
O
Bn
>98% conversion, -3% ee
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O Bn
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2 equiv
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4.5 4.6 4.7
4.8 4.9 4.10
4.11 4.12 4.13
4.14
Scheme 4.4. N-Terminus Screen of Peptide Ligands in Asymmetric Imine Allylation.
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when applied in the catalytic asymmetric imine allylation make the catalytic reaction become slower 
and less selective. This phenomenon is not surprising, as the chelation between the ligand and Lewis 
acid Ag becomes a ‘soft-hard’ interaction instead of ‘soft-soft’ interaction. Sulfur containing ligands 
4.12 and 4.13, which satisfy the requirement of ‘soft-soft’ interaction, catalyze the reaction as 
efficiently as the phosphine containing ligand, but only afford racemic product. Given these 
observations, Schiff base phosphine containing ligand 4.5 was chosen for further modification to 
improve the reaction’s enantioselectivity. The first exploration was the use of ligand 4.14, the 
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diastereomeric form of ligand 4.5; it can catalyze the reaction as efficiently as ligand 4.5, but in a 
slightly lower enantioselectivity (14% ee vs 17% ee). The same absolute stereochemistry was obtained 
in the cases involving ligand 4.5 and 4.14, which suggests that the amino acid structural motif at AA1 
position may be mainly responsible for the reaction’s enantioselectivity. 
b) AA1 Amino Acids Screen on di-Peptide Ligand for Asymmetric Imine Allylation 
     As the initial ligand screen results indicate, the amino acid at AA1 position may be mainly 
responsible for the reaction’s enantioselectivity, so a screen for the amino acids at AA1 position was 
carried out. Keeping the phenylalanine fixed at the AA2 position, 12 amino acid candidates were 
tested at AA1 position, and the results were summarized in Scheme 4.5. As the results presented in 
Scheme 4.5, all tested di-peptide ligands can catalyze the reaction with good efficiency (>98% 
conversion), and reactions’ enantioselectivity ranges from 4% ee to 24% ee. Peptide ligands with 
amino acids bearing heteroatoms at AA1 position, such as ligand 4.20 and 4.23, with the hope of 
introducing another chelation point on the ligand with the Lewis acid Ag failed to improve the 
reaction’s enantioselectivity. Ligands containing a bulky protected threonine at AA1 position, such as 
4.18 and 4.25, can provide the homoallylic amine with over 20% ee, which is higher than the ligand 
containing benzyl protected threonine at AA1 position (ligand 4.22). This observation indicated that 
the size of substituents at AA1 position may play an important role in effecting the reaction’s 
enantioselectivity. This observation was further supported by the results obtained from ligands 4.16 
and 4.17, which also carry relatively bulky groups at AA1 position. Considering the price of amino 
acids and the difficulty to synthesize these phosphine containing di-peptide ligands, ligands bearing 
leucine structural motif (ligand 4.17) at AA1 position were selected as the basis for further AA2 amino 
acid modification.  
c) AA2 Amino Acids Screen on di-Peptide Ligand for Asymmetric Imine Allylation 
     Four amino acids were tested as the structural motif at AA2 position, and slightly improved 
enantioselectivity was observed (Scheme 4.6). Ligand 4.28, bearing isoleucine amino acid at AA2 
position provide the homoallylic amine product with >98% conversion and 26% ee. Though the 
enantioselectivity for the catalytic asymmetric imine allylation reaction is still low, steady 
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improvement on 
the reaction’s 
enantioselectivity 
Scheme 4.6. AA2 Amino Acids Screen of di-Peptide Ligand in Asymmetric Imine Allylation.
has been observed 
ring the ligand 
e the reaction with over 30% ee, which is the highest enantioselectivity that has 
du
screening process. 
Additional work 
on amino acid 
screen at AA2 
position could lead 
to further 
improvements in 
selectivity. 
As some 
Schiff base 
phosphine 
containing ligands 
that have similar 
structure to the 
standard ligand 4.5 
are in hand, they were also chosen to be tested in the catalytic reaction. Fortunately, ligand 4.29 was 
discovered to catalyz
been observed so far (Scheme 4.7).  
4.4 Modification on Other Reaction Conditions 
a) Solvent Screen for Asymmetric Imine Allylation 
     During the course of our studies to optimize the reaction conditions, solvent effects were tested. 
After an investigation of the solvent’s influence on the imine allylations (Table 4.2), we observed that 
N
MeS
+
o10 mol % AgOAc, -30 C, THF, N2, 3 hH
O
B
O
2 equiv.
10 mol % HN
MeSN
H
N
OTrt
PPh2
O
NHn-Bu
O
>98% conversion, 32% ee
Ot-Bu
O
4.29
4.1 4.2 4.4
Scheme 4.7. Ag-Catalyzed Asymmetric Imine Allylation.
N
H
N
NHn-Bu
O
O Bn
i-Pr
PPh2
Chiral Peptide-based Ligand
AA1 AA2 C-terminusN-terminus
N
H
N
NHn-Bu
O
O Bn
i-Pr
PPh2
Chiral Peptide-based Ligand
AA1 AA2 C-terminusN-terminus
N
H
N
i-Pr
O
NHn-Bu
O
>98% conversion, 21% ee
PPh2
N
H
N
i-Pr
O
NHn-Bu
O
PPh2
>98% conversion, 25% ee
N
H
N
i-Pr
O
NHn-Bu
O
PPh2
>98% conversion, 25% ee
N
H
N
i-Pr
O
NHn-Bu
O
PPh2
>98% conversion, 26% ee
4.17 4.26
4.27 4.28
N
MeS
+
210 mol% AgOAc, -30 oC, THF, N , 3 h
O
B
H O
2 equiv.
10 mol% ligand HN
MeS
4.1 4.2 4.4
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oxyg
solve
were 
solve
catal
polar
solve
in sl
and 
on do
n is th
ing ith the 
nsity arou
on atom of allyl boronate, 
boron atom more Lewis 
 increase the nucleophilicity of allyl boronate; the extra H-bonding interaction 
degree of organization for transition state and improve the enantioselectivity for 
b) Temperature Study 
     Considering both 
the phosphine 
containing ligand and 
en containing 
nts Et2O and THF 
two feasible 
nts to carry out the 
ytic reaction. The 
, non-coordinating 
nt CH2Cl2 resulted 
ower reaction rates 
lower 
enantioselectivity. 
wn, but the same 
at the oxygen atom 
 H-bonding w
Toluene, when used as the solvent for the reaction, slowed the reacti
enantioselectivity was observed. One possible explanation for this observatio
on Et2O or THF may also participate in the chelation in transition state by form
amide proton on the AA2 of peptide ligand. This will increase the electron de
om on the carbonyl group binds with the bor
d electron density around the amide carbonyl group will make the 
nd the amide 
carbonyl. When the oxygen at
the increase
acidic, and consequently
will also improve the 
the catalytic reaction. 
for the Asymmetric 
Imine Allylation 
AgOAc can catalyze the 
addition of allyl 
N
MeS
+
10 mol % AgOAc, -30 oC
Solvent, N2, 3 h
H
O
B
O
2 equiv.
10 mol % HN
MeSN
H
N
OTrt
PPh2
O
NHn-Bu
O
Ot-Bu
O
4.29
4.1 4.2 4.4
Table 4.2. Solvent Effect on Asymmetric Imine Allylation Reaction.
entry
1
2
solvent
THF
Et2O
Conversion (%)
>98
>98
ee (%)
32
31
3
4
CH2Cl2
Toluene
70
79
20
32
a By 400 MHz 1H NMR analysis. 
b By chiral HPLC in comparison with authentic material (chiralpak OD).
Table 4.3. Temperature Study for A
N
MeS
+
10 mol % AgOAc, temperature
THF, N , time2
H
O
B
O
2 equiv.
10 mol % HN
MeS
N
H
N
PPh2
O
NHn-Bu
g-Catalyzed Asymmetric Imine Allylation.
O
4.5
4.44.1 4.2
entry temperature ( C) time (h) conversion
1 -30 3 >98
o  (%)a ee (%)b
17
2 -78 12 78 21
a 1  
b B
By 400 MHz H NMR analysis.
y chiral HPLC in comparison with authentic material (chiralpak OD).
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boronate to imine by themselves, a study of the reaction at lower temperatu
aim of reducing the percentage of the reaction proceeding through unselec
involving ligand 4.5 at lower temperature was carried out (Table 4.3). 
performing the reaction at -78 oC slows down the transformation (78% conv
after 3 h), but does not increase the enantioselectivity significantly (21%
phenomenon was observed repeatedly in the Ag salts source screen stu
discussed shortly. This observation tells us that the enantioselectivity of 
independent on the reaction’s temperature, and most of the reaction produc
catalytic pathway.  
re
ti
A
. 
d
t
c) Time and Catalyst Loading Study for Asymmetric Imine Allylation 
product was generated 
ure to 
quench the remaining allyl boronate 4.2. This phenomenon has once
Ag-catalyzed asymmetric vinylogous mannich (AVM) reactions: in the abse
AVM reactions proceed with low conversion and enantioselectivity because
amine product. This is a common problem for imine asymmetric catalysi
trapped by the basic nitrogen atoms on substrates and/or products. One good
 was carried out with the 
ve pathways. A reaction 
s the results indicated, 
after 12 h vs >98% conv. 
 ee vs 17% ee). Similar 
y, which is going to be 
the allylation reaction is 
 is generated through the 
     The constant low enantioselectivity results remind us to think about whether there is a 
significant degree of reaction happened during the work-up step. One possible reason for the low 
enantioselectivity may 
be because catalytic 
turn-over stopped at the 
beginning of the 
reaction, and a 
significant amount of 
when 1 M NaHCO3 
was added to the 
reaction’s mixt
 been observed in the 
nce of protonic additive, 
 the Ag is trapped by the 
s, as Lewis acids can be 
 way to check this out is 
N
MeS
+
10 mol % AgOAc, -30 oC,THF, N2H
O
O
B
2 equiv.
10 mol %
HN
MeS
N
H
N
i-Pr
O
NHn-Bu
O
Bn
PPh2
4.1 4.2 4.4
4.17
entry
1
3
Time (h) Conversion (%)a ee (%)b
0.5 >98 17
2
4
5
1.0
2.0
3.0
18.0
>98
>98
>98
>98
15
21
21
19
Table 4.4. Reaction Time Study for Ag-Catalyzed Asymmetric Imine Allylation.
a By 400 MHz 1H NMR analysis. 
b By chiral HPLC in comparison with authentic material (chiralpak OD).
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the reaction time study on the catalytic asymmetric imine allylation reaction (Table 4.4). The results 
for this time study inspired us with more interests on this efficient catalytic reaction. A point worthy to 
note is that the reaction can be finished in 0.5 hour; nearly the same enantioselectivity is obtained 
when the reaction time is prolonged even to 18 hours. Since the enantioselectivity does not change 
after 0.5 hour, it means all the catalytic reaction finished within 0.5 hour and no unselective reaction 
happened after 0.5 h. At this moment, one possible reason for the constant low enantioselectivity is 
that the catalytic reaction stopped after one or two catalysis turn-overs within a time period of less 
than 0.5 hour, and all the remaining reaction was completed when we quench the reaction. The 
racemic product generated by this pathway lowered the overall enantioselectivity of the reaction. To 
arried out (Table 4.5). As the 
supports the catalytic reaction does not stop after one or two turn-overs, 
catalyst loading will result in the improvement of enantioselectivity. The res
exclude this possibility, catalyst and nucleophile loading study was c
results in entry 1 
and 2 indicate, 
increasing the 
catalyst loading 
to 20 mol % 
does not lead to 
improvement of 
enantioselectivit
y. This is direct 
evidence that 
otherwise increasing the 
ults in entry 3 and 4 can 
further prove this conclusion, the use of 0.5 or 1.0 equivalent nucleophile 4.2 only leads to lower 
conversion, but does not change the enantioselectivity. At this moment, the possibility that the 
unselective reaction happens during reaction work-up can be excluded.  
4.5 Lewis Acid Screen for Asymmetric Imine Allylation 
     Another approach to improve the reaction’s enantioselectivity is to screen different Lewis acids 
N
MeS
+
 AgOAc, -30 oC,THF, N2H
O
B
O
HN
MeS
N
H
N
i-Pr
O
O
NHn-Bu
Bn
PPh2
4.1 4.2 4.4
4.17
entry
1
2
3
4
Time (h) Conversion (%)a ee (%)b
0.5
3.0
3.0
3.0
>98
>98
36
50
1
2
18
2
9
2
0
Table 4.5. Catalyst and Nucleophile Loading Study for Ag-Catalyzed Asymmetric Imine Allylation.
a By 400 MHz 1H NMR analysis. 
b By chiral HPLC in comparison with authentic material (chiralpak OD).
Ligand 4.17
(mol %)
20
AgOAc 
(mol %)
20
20 20
10 10
4.2 (equiv)
10 10
2.0
2.0
0.5
1.0
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for the asymmetric imine allylation reaction. The investigation of a series of Ag and Cu salts was 
carried out. Meanwhile, the background reactions that only involved 10 mol % Lewis acid and in 
absence of the phosphine ligand were tested as well. Some interesting observations have been 
obtained through this study (Table 4.6).  
     According to the 
results depicted in Table 
4.6, an important 
discovery is that 
different kinds of Ag 
salts can provide the 
amine 
t with nearly the 
enantioselectivity 
t regard to the 
cidic compared to 
 in absence of the 
 and used in the 
nother example is 
much more Lewis 
acidic than AgOAc. 
It can catalyze the 
addition of allyl 
boronate to imine substrates efficiently with
homoallylic 
produc
same 
withou
re Lewis a
d reaction
e ligand
ained. A
out the help of phosphine ligand (the background reaction 
COCF3 is combined with chiral phosphine 
background reaction. For example, the use of Ag2+ salt in entry 3, is mo
the Ag+ salt used in entry 4, and it caused a higher degree of backgroun
phosphine ligand. When these two Ag salts are combined with phosphin
catalytic reaction, however same conversion and enantioselectivity were obt
AgOCOCF3 (entry 
4), which is also 
proceed with >98% conversion at -30 oC). But when AgO
ligand and used in the asymmetric allylation reaction, the homoallylic amine product can be still 
N
MeS
+
oLewis Acid, -30 C,THF, N2H
O
B
O
2.0 equiv
HN
MeS
N
H
N
Ot-Bu
O
NHn-Bu
O
Bn
PPh2
4.1 4.2 4.4
4.18
entry
1
Table 4.6. Lewis Acid Screen for Ag-Catalyzed Asymmetric Imine Allylation.
Lewis Acid
AgOAc
(10 mol % Lewis Acid,
0 mol % 4.18)
(10 mol % Lewis Acid,
10 mol % 4.18)
11% conv.a >98% conv., 22% eeb
2
3
AgF
AgF2
9% conv.
83% conv.
>98% conv., 20% ee
>98% conv., 20% ee
4
5
AgOCOCF3
6
Cu(OAc)2
CuF2.xH2O
>98% conv. >98% conv., 22% ee
<2% conv.
<2% conv.
40% conv., 4% ee
8% conv., 22% ee
a By 400 MHz 1H NMR analysis. 
b By chiral HPLC in comparison with authentic material (chiralpak OD).
Scheme 4.8. Ag-Catalyzed Asymmetric Imine Allylation.
N
MeS
+
Lewis Acid, -78 oC,THF, 12 h, N2H
O
O
B
HN
MeS
N
H
N
Ot-Bu10 mol % O
O
NHn-Bu
Bn
PPh2
4.1 4.2 4.4
4.18
Case A
10 mol % AgF2, >98% conversion, 20% ee
Case B
10 mol % AgOCOCF3, >98% conversion, 21% ee
2.0 equiv
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obtained with 22% ee. In addition, for AgF2 and AgOCOCF3, because of the high degree of 
background reaction at reaction’s temperature, the reactions involving both Ag salts and ligands were 
tested at -78 oC, resulting in the same enantioselectivity (Scheme 4.8). The reaction’s 
enantioselectivity is independent of the reaction’s temperature. All of these observations tell us that 
allyl silver maybe generated during the reaction’s process and it probably i
the asymmetric imine allylation. At last, Cu salts such as Cu(OAc)2 and CuF
when they are used in the catalytic imine allylation reactions, the reactions pr
increase in the enantioselectivity. 
4.6 New Ligand Development for Asymmetric Imine Allylation 
     When the research arrived to this stage, new ligand development w
approach is incorporation of strong Lewis basic structural motif as the C-term
organic base that has 
lied in the chemistry of enantioselective silyl protection of alcohols. The basic 
elate with the hard boron atom tightly and subsequently make the transition state 
d a highly organized transition state may afford higher enantioselectivity. 
 carbonyl Lewis base site by the N-methyl imidazole and keeping the same 
hosphine and Lewis base site, a new ligand 4.30 was designed and synthesized. 
s the real nucleophile for 
2•xH2O in entries 5 and 6, 
oceed slowly and without 
as really called for. One 
inus, which can play the 
role to chelate with 
the allyl boronate 
tightly and deliver 
the nucleophile to the 
reacting center. 
N-methyl imidazole 
is nitrogen containing 
been successfully app
nitrogen atom can ch
more organized, an
Replacing the amide
distance between the p
Unfortunately, when it was used in the catalytic reaction, low conversion and enantioselectivity was 
observed (Scheme 4.9). More modifications on the C-terminus are an important aspect that still 
requires additional studies. 
N
H
N
i-Pr
PPh2
O
NHn-Bu
O
Bn N
H
N
i-Pr
PPh2
O
N
Me
N
N
MeS
+
10 mol % AgOAc, -30 oC
THF, 3 h, N2
H
O
B
O
HN
MeS
4.1 4.2 4.4
Scheme 4.9. New Ligand Development for Ag-Catalyzed Asymmetric Imine Ally
4.30
lation.
10 mol %
N
H
N
i-Pr
PPh2
O
N
Me
N
4.304.5
2.0 equiv. 20% conversion, 5% ee
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4.7 Asymmetric Ketoimine Allylation 
     Considering the high catalyst turn-over frequency of the phosphine peptide ligand-Ag complex, 
ketoimine substrate with attenuated reactivity was also tested in the catalytic reaction (Table 4.7). 
Encouraging results were obtained after the initial reactions based on reactivity. Asymmetric allylation 
reaction of ketoimine substrate 4.31 under the catalysis of ligand 4.28 and AgOAc was quite efficient; 
the reaction proceed to >98% conversion after 16 hours. The enantioselectivity of the product was 
obtained according to analysis of the reduced amino alcohol product 4.33 on chiral HPLC, as there are 
yet no good separation conditions for the product 4.32 on chiral HPLC. The background reaction, 
5% conversion to the homoallylic 
for ketoimine allylation reaction is really encouraging, as there has been o
ine allylation, and the substrate scope is limited. The primary results have 
indicated a superior catalytic reactivity for the phosphine peptide-Ag system, as the catalyst turn-over 
which only involving 10 mol % AgOAc was also tested; this led to 5
amine product after 16 hours. Moreover, further studies show that the reaction involving phosphine 
ligand and AgOAc can be finished in 6 hours, and the same enantioselectivity was obtained. The result 
nly one example of a 
catalytic asymmetric ketoim
Table 4.7. Asymmetric Ketoimine Ally
N
MeS
AgOAc, 4 oC, THF, N2, 16 h
O
B
O
2.0 equiv.
N
H
N
i-Pr
O
O
NHn-Bu
PPh2
O
OMe
+
O
OMe
NH
SMe
O
4.31 4.2 4.32
4.28
entry
1
2
Ligand (mol %) AgOAc (mol %) Time (h) Conversion (%)a ee (%)  for 4.33
0 10 16 55
10 10 16 >98
3
b
/
27
10 10 6 >98 28
OMe
NH
SMe
1.5 equiv LAH
0~22 oC, 0.5 h, THF OH
NH
SMe
>98% conversion, 97% yield
test ee
lation.
4.32 4.33
a By 400 MHz 1H NMR analysis. 
b The ee for 4.33 was tested by chiral HPLC in comparison 
with authentic material (chiralpak OD).
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frequency is potentially high.  
 
Experimental Section 
Ag-Catalyzed Enantioselective Imine Allylation with Allyl Boronates 
General. Infared (IR) spectra were recorded on a Nicolet 210 spectrophotometer, νmax in cm-1. Bands 
are characterized as broad (br), strong (s), medium (m), and weak (w). 1H NMR spectra were recorded 
on a Varian Unity INOVA 400 (400 MHz) spectrometer. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance as the internal standard (CDCl3: δ 7.26 ppm). Data are 
reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, br = broad, m = multiplet), and coupling constants (Hz). 13C NMR spectra were recorded on a 
Varian Unity INOVA 400 (100 MHz) spectrometer with complete proton decoupling.  Chemical 
shifts are reported in ppm from tetramethylsilane with the solvent resonance as the internal standard 
(CDCl3: δ 77.16 ppm).  High-resolution mass spectrometry was performed on a Micromass LCT 
ESI-MS (positive mode) at the Mass Spectrometry Facility, Boston College and at the University of 
Illinois Mass Spectrometry Laboratories (Urbana, Illinois). Elemental microanalyses were performed 
at Robertson Microlit Laboratories (Madison, NJ). Enantiomeric ratios were determined by chiral 
HPLC analysis (Chiral Technologies Chiralcel OD column, 25 cm x 0.46 cm) in comparison with 
authentic racemic materials. Optical rotations were measured on a Rudolph Research Analytical 
Autopol IV Polarimeter. Unless otherwise noted, all reactions were carried out under a N2 atmosphere 
using solvents from solvent system. Fisherbrand HPLC grade hexanes and 2-propanol were used 
without further purification. THF was purified under a positive pressure of dry Ar by a modified 
Innovative Technologies purification system; THF was purged with Ar and purified by being passed 
through two alumina columns. All work-up and purification procedures were carried out with reagent 
grade solvents in air.  AgOAc was purchased from Aldrich and used without further purification. 
EDC•HCl, HOBt•H2O, Boc-protected amino acids were purchased from commercial sources 
(Advanced Chemtech, Nova Biochem, Aldrich) and used without purification. Unless otherwise stated, 
substrates were synthesized from commercially available starting materials through previously 
reported protocols. 
Representative experimental procedure for Ag-catalyzed enantioselective imine allylation with 
allyl boronates 4.2. Chiral phosphine 4.5 (5.9 mg, 0.010 mmol), AgOAc (1.7 mg, 0.010 mmol) and 
imine substrate 4.1 (22.8 mg, 0.100 mmol) were weighed into a 13x100 mm test tube and capped with 
a rubber septum. The test tube was purged with nitrogen for 10 min. The contents were then dissolved 
with distilled THF (2.0 mL) and allowed to stir for 5 min at 22 °C under nitrogen. The mixture was 
allowed to cool to –78 °C before the addition of allyl boronate 4.2 (42 μL, 0.20 mmol), and allowed to 
stir at –30 °C for 3 h.  At this time, the reaction was quenched by mixing the reaction mixture and 
saturated aqueous solution of NaHCO3 (0.4 mL) quickly at room temperature. The mixture was then 
allowed to warm to 22 °C with vigorous stirring for 10 min. The reaction test tube was washed by Et2O 
(3 times) and EtOAc (1 time), and combined the organic layers together. The filtrate was concentrated 
to afford a colorless oil that was purified by silica gel column chromatography (15:1 to 10:1 Petroleum 
Ether:EtOAc) to deliver 25.9 mg (0.096 mmol, 96% yield) of 4.4 as a colorless oil. 
 
OH
HN
MeS
 
2-(2-Methylsulfanyl-phenylamino)-2-phenyl-pent-4-en-1-ol. 4.33. Colorless oil. IR (neat): 3359 
(br), 3074 (w), 3057 (w), 2920 (w), 1586 (s), 1502 (s), 1452 (s), 1312 (m), 1284 (m), 1039 (m), 1000 
(m), 919 (m), 747 (s), 701 (m) cm-1. 
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Abstract: Catalytic enantioselective alkylations of three classes of ketoimines are reported. Reactions are
promoted in the presence 0.5–10 mol % of a Zr salt and a chiral ligand that contains two inexpensive
amino acids (valine and phenylalanine) and involve Me2Zn or Et2Zn as alkylating agents. Requisite aryl-
and alkyl-substituted R-ketoimine esters, accessed readily and in >80% yield on gram scale through a
two-step sequence from the corresponding ketones, undergo alkylation to afford quaternary R-amino esters
in 79–97% ee. Aryl-substituted trifluoroketoimines are converted to the corresponding amines by reactions
with Me2Zn, catalyzed by a chiral complex that bears a modified N-terminus. The utility of the catalytic
asymmetric protocols is illustrated through conversion of the enantiomerically enriched alkylation products
to a range of cyclic and acyclic compounds bearing an N-substituted quaternary carbon stereogenic center.
Introduction
The search for efficient and enantioselective methods for
formation of quaternary carbon stereogenic centers constitutes
a crucial challenge in chemical synthesis.1 Within this context,
development of catalytic transformations that furnish N-substi-
tuted quaternary carbons, including enantiomerically enriched
quaternary R-amino acids or related derivatives, is a particularly
compelling objective.2 R,R-Disubstituted amino acids are found
in medicinally relevant agents3 and lend conformational rigidity
within biologically active peptides.4 A direct route to this class
of compounds involves enantioselective additions to ke-
toimines,5 substrates with a sterically congested and relatively
unreactive CdN bond (vs a CdO). Ketone-derived imines bear
substituents that are more similar in size than those of an
aldimine.6 Ketoimines, unlike ketones, exist as an E and/or a Z
isomer. Such factors, collectively, render differentation of
enantiotopic faces of a ketoimine especially difficult. As a result,
an effective catalyst for additions to ketoimines must, while
maintaining high levels of enantioselectivity, exhibit an order
of activity that is superior to what is sufficient for additions to
aldimines or ketones.
Herein, we disclose catalytic enantioselective protocols for
alkylations of three classes of ketoimines with dialkylzinc
reagents (Scheme 1). The Zr-catalyzed processes deliver
quaternary R-amino esters efficiently and in 79%–97% ee,
require easily prepared substrates, and are promoted by ligands(1) Quaternary Stereocenters: Challenges and Solutions for Organic
Synthesis; Christophers, J., Baro, A., Eds.; Wiley-VCH: Weinheim,
2006.
(2) For recent comprehensive reviews regarding stereoselective synthesis
of N-substituted quaternary carbon stereogenic centers and quaternary
R-amino acids, see: (a) Kang, S. H.; Kang, S. Y.; Lee, H-S.; Buglass,
A. J. Chem. ReV. 2005, 105, 4537–4558. (b) Ohfune, Y.; Shinada, T.
Eur. J. Org. Chem. 2005, 5127–5143. (c) Cativiela, C.; Díaz-de-
Villegas, M. D. Tetrahedron: Asymmetry 2007, 18, 569–623.
(3) For examples of biologically or medicinally active molecules that
contain an R-quaternary amino acid or the related derivatives, see:
(a) Kapadia, S. R.; Spero, D. M.; Eriksson, M. J. Org. Chem. 2001,
66, 1903–1905. (b) Carlier, P. R.; Zhao, H.; DeGuzman, J.; Lam, P. C.-
H. J. Am. Chem. Soc. 2003, 125, 11482–11483. (c) Lam, P. C.-H.;
Carlier, P. R. J. Org. Chem. 2005, 70, 1530–1538. (d) Mashiko, T.;
Hara, K.; Tanaka, D.; Fujiwara, Y.; Kumagai, N.; Shibasaki, M. J. Am.
Chem. Soc. 2007, 129, 11342–11343.
(4) For representative studies that outline the significance of R-quaternary
amino acids in rigidification of peptidic structures, see: (a) Giannis,
A.; Kolter, T. Angew. Chem., Int. Ed. Engl. 1993, 32, 1244–1267. (b)
Kazmierski, W. M.; Urbanczyk-Lipkowska, Z.; Hruby, V. J. J. Org.
Chem. 1994, 59, 1789–1795. (c) Kaul, R.; Balaram, P. Bioorg. Med.
Chem. 1999, 7, 105–117. (d) Hruby, V. J. Acc. Chem. Res. 2001, 34,
389–397.
(5) For a recent review on catalytic enantioselective additions to ke-
toimines, see: Riant, O.; Hannedouche, J. Org. Biomol. Chem. 2007,
5, 873–888.
(6) For representative catalytic asymmetric additions of alkylmetal reagents
to aldimines, see: (a) Denmark, S. E.; Nakajima, N.; Nicaise, O. J-C.
J. Am. Chem. Soc. 1994, 116, 8797–8798. (b) Fujihara, H.; Nagai,
K.; Tomioka, K. J. Am. Chem. Soc. 2000, 122, 12055–12056. (c)
Denmark, S. E.; Stiff, C. M. J. Org. Chem. 2000, 65, 5875–5878. (d)
Porter, J. R.; Traverse, J. F.; Hoveyda, A. H.; Snapper, M. L. J. Am.
Chem. Soc. 2001, 123, 984–985. (e) Porter, J. R.; Traverse, J. F.;
Hoveyda, A. H.; Snapper, M. L. J. Am. Chem. Soc. 2001, 123, 10409–
10410. (f) Dahmen, S.; Bräse, S. J. Am. Chem. Soc. 2002, 124, 5940–
5941. (g) Boezio, A. A.; Charette, A. B. J. Am. Chem. Soc. 2003,
125, 1692–1693. (h) Boezio, A. A.; Pytkowicz, J.; Coté, A.; Charette,
A. B. J. Am. Chem. Soc. 2003, 125, 14260–14261. (i) Soeta, T.; Nagai,
K.; Fujihara, H.; Kuriyama, M.; Tomioka, T. J. Org. Chem. 2003,
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Y.; Hayashi, T. Org. Lett. 2006, 8, 979–981. (l) Basra, S.; Fennie,
M. W.; Kozlowski, M. C. Org. Lett. 2006, 8, 2659–2662. (m) Pizzuti,
M. G.; Minnaard, A. J.; Feringa, B. L. J. Org. Chem. 2008, 73, 940–
947.
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with inexpensive amino acid components (valine and phenyla-
lanine). As represented in Scheme 1, enantiomerically enriched
products can be converted to useful, and otherwise difficult-
to-access, acyclic or cyclic amines.
Catalytic enantioselective protocols for alkylations of ke-
toimines are uncommon; the only known example appeared only
recently:7 Charette and Lauzon reported that additions of Me2Zn
and Et2Zn to trifluoromethyl keto-N-phosphinoylimines, pro-
moted by a Cu complex of a chiral bisphosphine monoxide,
result in the enantioselective formation of the derived amines
(up to >98% ee). The efficiency of the protocols used for
preparation of the ketoimine substrates, however, proved to be
less than optimal: Ti-mediated generation of hemiaminal precur-
sors from the trifluoromethyl ketones proceeds in 46–63% yield.
It is important to note that, compared to that of aldimines,
synthesis of ketoimines is generally less efficient; this is a
complication that, due to competitive enamine formation, is
exacerbated with substrates that carry an alkyl substituent.
(Further discussion will be provided later.)
There are a limited number of catalytic methods for enanti-
oselective transformations of ketoimines involving carbon-based
nucleophiles.8 Several catalysts for additions of HCN or
TMSCN (Strecker reaction) have been mentioned in the
literature.9 Cu-catalyzed enantioselective reactions of allylbo-
ronates with ketoimines have been outlined as well.10 There
are two classes of Mannich-type additions,11 and an Al-catalyzed
asymmetric Reissert-type process involving TMSCN and 1-alkyl-
and 1-aryl-substituted isoquinolines is worthy of note.12 With
only rare (and less enantioselective) exceptions,11c the reported
investigations involve ketoimines that carry an aryl and a methyl
substituent. In the few reported instances, alkyl-substituted
substrates have proven to be less reactive, requiring the use of
more active catalysts and/or altered conditions that result in
lower enantioselectivity.11 The preference for aryl-substituted
substrates is likely because the size difference between an aryl
and the smallest possible alkyl (a methyl) group is expected to
maximize enantiotopic face differentiation. In one case, at the
cost of limiting substrate generality, such complications are
addressed through the use of ketoimines that are embedded
within a rigid bicyclic structure.11a,b
Our focus on catalytic asymmetric alkylation (AA) reactions
of R-ketoimine esters originates from the importance of
R-quaternary amino acids.2–4 A recent disclosure regarding Al-
catalyzed additions of dialkylzinc reagents to R-ketoesters13 and
previous findings vis-à-vis the related Zr-catalyzed processes
with aryl- and alkyl-substituted aldimines,14 all reactions
promoted by amino acid-based catalysts,15 serve as the founda-
tion for this study. The absence of an existing report on catalytic
enantioselective additions to R-ketoimine esters provided further
impetus for the investigations described herein.16,17
Results and Discussion
1. Catalytic Asymmetric Alkylation Reactions of Aryl-Sub-
stituted r-Ketoimine Esters. a. Catalytic AA Reactions with
Me2Zn. We first probed the possibility of utilizing 1, a small
peptide that consists of the inexpensive amino acids valine and
phenylalanine, to promote the Zr-catalyzed AA reactions of
R-ketoimine esters. The substrates initially examined differ in
the identity of the alkoxy unit of the ester group. The four
ketoimines selected for this preliminary study undergo reaction
with high enantioselectivity (Table 1). All transformations
proceed with minimal side product formation, indicated by the
negligible differences between percent conversion and yields
of isolated products (Table 1). The high enantioselectivity in
reactions of alkyl esters 2a and 3 (E:Z ) 20:1, entries 1 and 2,
Table 1), benzyl ester 4 (E:Z ) 20:1, entry 3), and tert-butyl
(7) Lauzon, C.; Charette, A. B. Org. Lett. 2006, 8, 2743–2745.
(8) For a review on catalytic enantioselective additions to ketoimines (and
ketones), see: Riant, O.; Hannedouche, J. Org. Biomol. Chem. 2007,
5, 873–888.
(9) (a) Vachal, P.; Jacobsen, E. N. Org. Lett. 2000, 2, 867–870. (b)
Chavarot, M.; Byrne, J. J.; Chavant, P. Y.; Vallée, Y. Tetrahedron:
Asymmetry 2001, 12, 1147–1150. (c) Vachal, P.; Jacobsen, E. N. J. Am.
Chem. Soc. 2002, 124, 10012–10014. (d) Masumoto, S.; Usuda, H.;
Suzuki, M.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2003, 125,
5634–5635. (e) Wang, J.; Hu, X.; Jiang, J.; Gou, S.; Huang, X.; Liu,
X.; Feng, X. Angew. Chem., Int. Ed. 2007, 46, 8468–8470. (f) Huang,
J.; Liu, X.; Wen, Y.; Qin, B.; Feng, X. J. Org. Chem. 2007, 72, 204–
208. (g) Rueping, M.; Sugiono, E.; Moreth, S. A. AdV. Synth. Catal.
2007, 349, 759–764.
(10) Wada, R.; Shibuguchi, T.; Makino, S.; Oisaki, K.; Kanai, M.;
Shibasaki, M. J. Am. Chem. Soc. 2006, 128, 7687–7691.
(11) (a) Saaby, S.; Nakama, K.; Lie, M. A.; Hazell, R. G.; Jørgensen, K. A.
Chem. Eur. J. 2003, 9, 6145–6154. (b) Zhuang, W.; Saaby, S.;
Jørgensen, K. A. Angew. Chem., Int. Ed. 2004, 43, 4476–4478. (c)
Suto, Y.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2007, 129, 500–
501.
(12) Funabashi, K.; Ratni, H.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc.
2001, 123, 10784–10785.
(13) Wieland, L. C.; Deng, H.; Snapper, M. L.; Hoveyda, A. H. J. Am.
Chem. Soc. 2005, 127, 15453–15456.
(14) (a) See ref 6d. (b) See ref 6e. (c) Akullian, L. C.; Snapper, M. L.;
Hoveyda, A. H. Angew. Chem., Int. Ed. 2003, 42, 4244–4247. (d)
Akullian, L. C.; Porter, J. R.; Traverse, J. F.; Snapper, M. L.; Hoveyda,
A. H. AdV. Synth. Catal. 2005, 347, 417–425.
(15) For overviews and general discussions regarding the enantioselective
reactions promoted by the present class of chiral ligands and the related
derivatives, see: (a) Shimizu, K. D.; Snapper, M. L.; Hoveyda, A. H.
Chem., Eur. J. 1998, 4, 1885–1889. (b) Hoveyda, A. H. In Handbook
of Combinatorial Chemistry; Nicolaou, K. C., Hanko, R., Hartwig,
W., Eds.; Wiley-VCH: Weinheim, 2002; Vol. 2, pp 991–1016.
(16) For enantioselective allylations of ketoimines in the presence of
stoichiometric amounts of a chiral promoter, see: (a) Hanessian, S.;
Yang, R.-Y. Tetrahedron Lett. 1996, 37, 8997–9000. (b) Cogan, D. A.;
Ellman, J. A. J. Am. Chem. Soc. 1999, 121, 268–269. (c) Berger, R.;
Duff, K.; Leighton, J. L. J. Am. Chem. Soc. 2004, 126, 5686–5687.
(d) Rabbat, P. M. A.; Valdez, S. C.; Leighton, J. L. Org. Lett. 2006,
8, 6119–6121. (e) Perl, N. R.; Leighton, J. L. Org. Lett. 2007, 9,
36993701. For synthesis of enantiomerically enriched N-substituted
trifluoromethyl-containing quaternary carbon stereogenic centers
through the use of a chiral auxiliary, see: (f) Ishii, A.; Miyamoto, F.;
Higashiyama, K.; Mikami, K Tetrahedron Lett. 1998, 39, 11991202.
For chiral auxiliary-based diastereoselective cyanide additions to
ketoimines, see: (g) Harwood, L. M.; Vines, K. J.; Drew, M. G. B.
Synlett 1996, 1051–1053. (h) Ma, D.; Tian, H.; Zou, G. J. Org. Chem.
1999, 64, 120–125.
(17) For a review on synthesis of N-substituted quaternary carbons by
stereoselective nucleophilic additions to ketoimines through the use
of appropriate chiral auxiliaries, see: Steining, A.; Spero, D. M. Org.
Prep. Proc. 2000, 32, 205–234.
Scheme 1. Catalytic Asymmetric Alkylation Reactions of
R-Ketoimine Esters and Synthesis of Compounds with
N-Substituted Quaternary Carbon Stereogenic Centers
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ester 5 (E:Z ) 5:1, entry 4), together with the uniform identity
of the major product enantiomers and recovery of unreacted 5
with an identical E:Z ratio, suggest that the two isomers
interconvert and one ketoimine might react preferentially (see
below for the significance of this attribute to mechanistic
models).
The facility of ketoimine isomerization is underlined by
variations in ketoimine E:Z ratios that occur upon changing the
solvent in which 1H NMR spectra are recorded. For example,
in chloroform, in contrast to the values measured in toluene
and shown in Table 1, methyl ester 2a exists as a 7:1 Z:E
mixture of isomers. Examination of freshly prepared samples
of tert-butyl ester 5 indicates a 10:1 E:Z ratio (isomerization
occurs within 6–12 h). DFT calculations18 suggest that the Z
isomers are lower in energy for 2a (∆H ≈ 1.8 kcal/mol) and 5
(∆H ≈ 3.3 kcal/mol); the most favored conformations of Z and
E isomers of tert-butyl ester 5 are illustrated in Figures 1 and
2. It should be noted, however, that such calculations represent
energies in the gas phase and coordination of the chiral catalyst
to a ketoimine likely alters the identity of the preferred or
reactive isomer, particularly since, as mentioned above, it is
evident that such interconversions can occur readily.
A range of aryl-substituted R-ketoimine esters can be alky-
lated with high enantioselectivity (88–97% ee; Tables 2 and
3); R-quaternary amino esters are isolated in excellent yields
after silica gel purification (91–98%; Tables 2 and 3). Substrates
with a sterically hindered ortho-substituted aryl group, such as
2b (entry 2, Table 2), 2d (entry 4), and 2g (entry 7), are
efficiently alkylated. The higher catalyst loadings (10 mol %
vs 5 mol %) indicated for entries 2, 4, and 7 point to trans-
formations that are relatively sluggish and require higher
temperatures (22 or 4 °C vs -15 °C) to proceed to complete
(>98%) conversion. Product enantiopurity might suffer slightly
due to adjustments in conditions so that maximum conversion
is achieved. The relatively lower selectivities involve substrates
that require elevated temperatures (88% and 91% ee with
o-methoxyphenyl- and o-bromophenyl-substituted ketoimines
2d and 2g in entries 4 and 7, respectively). The stereochemical
identity of products was established through X-ray crystal-
lographic analyses for Br-containing quaternary R-amino esters
6g and 6 h (entries 7 and 8, Table 2), illustrated in Figure 3.
(18) All structures were minimized according to the following sequence.
The promising conformers from conformer distributions, obtained with
the PM3 semi-empirical method, were optimized at the B3LYP level
of theory. Conformer distributions were calculated with the Spartan
’04 suite. Final stationary points on the potential energy surface were
calculated with the Gaussian 03.D02 suite. Electronic configurations
of the molecular systems were described by 6–31G(d,p) double- basis
set on H, C, N, and O; the basis sets for N and O were augmented
with a single sp-type and a single d-type diffuse functions as supplied
by Gaussian 03.D02. All basis sets are as supplied by the Gaussian
03.D02 suite. The valley nature of stationary points was confirmed
by frequency calculation at the same level of theory: (a) Spartan 04:
Pople, J. A.; et al. J. Comput. Chem. 2000, 21, 1532–1548. (b)
Gaussian 03.D02: Pople, J. A.; et al. Gaussian 03, revision D02;
Gaussian, Inc.: Wallingford, CT, 2004. (c) 6-31G(d,p): Hehre, W. J.;
Ditchfield, R.; Pople, J. A J. Chem. Phys. 1972, 56, 2257–2261.
Table 1. Effect of Carboxylic Ester Structure on Zr-Catalyzed AA
Reactions of R-Ketoimine Estersa
entry R Z:Eb conv (%)c yield (%)d ee (%)e
1 Me 2a 20:1 92 86 95
2 Et 3 20:1 81 71 96
3 Bn 4 20:1 91 78 96
4 t-Bu 5 5:1 36 34 94
a All reactions were performed under N2 atmosphere; see Supporting
Information for experimental details. b Determined through analysis of
400 MHz 1H NMR spectra of unpurified product mixtures (d8-toluene).
c Determined through analysis of 400 MHz 1H NMR spectra of
unpurified product mixtures (d8-toluene). d Yields of products after
purification. e Enantioselectivities were determined by chiral HPLC
analysis; see Supporting Information for details.
Figure 1. X-ray crystal structure of R-ketoimine ester 2a and a key NOE.
Figure 2. Calculated (DFT) minimized conformations of E and Z isomers
of tert-butyl ester 5.
Table 2. Zr-Catalyzed AA Reactions of Aryl-Substituted
R-Ketoimine Esters with Me2Zna
entry aryl
mol
% 1
mol %
Zr salt
temp (°C);
time (h)
conv (%);b
yield (%)c ee (%)d
1 C6H5 a 5 7 -15; 24 >98; 94 95
2 1-naphthyl b 10 10 4; 48 >98; 91 92
3 2-naphthyl c 5 7 -15; 24 >98; 98 96
4 o-OMeC6H4 d 10 10 22; 56 >98; 91 88
5 p-OMeC6H4 e 5 5 4; 24 >98; 95 96
6 p-CF3C6H4 f 5 5 -15; 24 >98; 94 96
7 o-BrC6H4 g 10 10 4; 24 >98; 98 91
8 p-BrC6H4 h 5 5 -15; 24 >98; 98 95
9 m-ClC6H4 i 5 5 -15; 24 >98; 91 95
10 p-IC6H4 j 5 5 -15; 24 >98; 95 94
a All reactions were performed under N2 atmosphere; see Supporting
Information for experimental details. b Determined through analysis of
400 MHz 1H NMR spectra of the unpurified product mixtures. c Yields
of products after purification. d Enantioselectivities were determined by
chiral HPLC analysis; see Supporting Information for details.
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Comparison of the data in entries 5 and 6 of Table 2,
involving reactions of substrates bearing a p-methoxy- and a
p-trifluoromethylphenyl group, respectively, implies that an
electron-withdrawing group is beneficial to the rate of enanti-
oselective alkylation. Thus, reaction of ketoimine 2f, containing
the electron-withdrawing CF3, proceeds to >98% conversion
at -15 °C (24 h), whereas 2e, carrying a methoxy group, must
be alkylated at 4 °C (24 h). Similarly, catalytic alkylation of
ortho-substituted 2g (entry 7, Table 2) requires 10 mol %
catalyst to proceed to >98% conversion (4 °C, 24 h). These
findings demonstrate that increased substrate electrophilicity is
critical to the rate of Zr-catalyzed AA and suggest that the
addition of the alkylating agent to the sterically encumbered
CdN bond of the ketoimine, a process that engenders substantial
steric congestion, might be the turnover-limiting step.
Ketoimines with a heterocyclic substituent can be used; three
examples are presented in Table 3. Furyl-substituted 6k (entry
1, Table 3) and Me- and Boc-protected indoles 6l and 6m
(entries 2 and 3, Table 3) are obtained in 93–98% yield and
91–97% ee. The lower reactivity exhibited in entry 2 (22 °C,
48 h) versus the process illustrated in entry 3 (-15 °C, 24 h) is
consistent with the suggestion that faster reaction rates should
be expected when the ketoimine substituent is electron-
withdrawing.
Several additional points merit mention: (1) Although the
most efficient reactions are observed under the conditions shown
in Tables 2 and 3, useful reactivity and enantioselectivity levels
can be attained with lower amounts of the chiral ligand. Thus,
as represented in Table 4 for the conversion of ketoimine 2a to
amine 6a, in the presence of only 1 mol % 1 and 7 mol %
Zr(Oi-Pr)4 ·HOi-Pr,19 the desired product is obtained in 92%
yield and 93% ee. Even with 0.5 mol % 1, with the reaction
proceeding to 75% conversion, 6a is isolated in 74% yield and
95% ee. Two additional examples of transformations in the
presence of 0.5 mol % of ligand 1 are provided in eq 1.
(2) The presence of the o-methoxy of the ketoimine’s N-aryl
group is required for high conversion and enantioselectivity.
Thus, as shown in Scheme 2, amino ester 7 is obtained in <2%
ee from the reaction of a p-anisidine imine; this alkylation
proceeds only to 50% conversion under the same conditions
that lead to complete transformation of 2a to deliver 6a in 94%
yield and 95% ee (entry 1, Table 4). The presence of a
competing ortho-chelating group, on the other hand, can
diminish asymmetric induction, as illustrated in the case of
N-methylimidazole-substituted amino ester 8a (Scheme 2). As
the formation of 8b indicates (12% ee), in the absence of the
methoxy group of o-anisidine, the heteroatom residing within
the ketoimine substituent may not be able to provide a
(19) With 0.5 mol % of the chiral ligand, use of lower amounts of the Zr
salt (<7 mol %) results in diminished reaction efficiency. Thus, with
1, 2, and 5 mol % Zr(Oi-Pr)4 ·HOi-Pr, under otherwise identical
conditions, 27%, 34%, and 41% conversion to 6a is observed,
respectively. Similarly, when catalytic alkylation is performed in the
presence of increased amounts of the transition metal salt, lower
conversions are obtained (e.g., 33% and 26% conversion with 10 and
15 mol % Zr(Oi-Pr)4 ·HOi-Pr). It should be noted, however, that except
for when 1–2 mol % of the Zr salt is used (87–88% ee), 6a is obtained
in 94–96% ee. The mechanistic implications of the above observations,
which do not uniformly apply to all ketoimines, are not clear but might
suggest that the identity (stoichiometry) of the active chiral complex
is not comprised of a 1:1 combination of the Zr salt and the chiral
ligand (see proposed predictive models in Figure 4).
Table 3. Zr-Catalyzed AA Reactions of Heterocycle-Substituted
R-Ketoimine Esters with Me2Zna
a All reactions were performed under N2 atmosphere; see Supporting
Information for experimental details. b Determined through analysis of
400 MHz 1H NMR spectra of the unpurified product mixtures. c Yields
of products after purification. d Enantioselectivities were determined by
chiral HPLC analysis; see Supporting Information for details.
Figure 3. X-ray crystal structures of R-quaternary amino esters 6g (left)
and 6h (right).
Table 4. Effect of Catalyst Loading on Zr-Catalyzed AA
Reactionsa
entry mol % 1 conv (%)b yield (%)c ee (%)d
1 5 >98 94 95
2 2 >98 93 91
3 1 94 92 93
4 0.5 75 74 95
a All reactions were performed under N2 atmosphere; see Supporting
Information for experimental details. b Determined through analysis of
400 MHz 1H NMR spectra of the unpurified product mixtures. c Yields
of products after purification. d Enantioselectivities were determined by
chiral HPLC analysis; see Supporting Information for details.
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sufficiently effective chelate. Since furyl-substituted 6k is
obtained in 94% ee (entry 1, Table 3), however, it appears that
the influence of a heteroatom-containing group depends on the
nature of the neighboring Lewis base.
Next, we investigated whether the catalytic process can be
used in reactions of another noteworthy (and the only previously
reported7) class20,21 of substrates: trifluoromethyl ketoimines.
Our initial studies indicated that chiral ligand 1, under the
conditions that proved effective for transformations of R-ke-
toimine esters, promotes an enantioselective, albeit inefficient,
alkylation. Thus, as shown in entry 1 of Table 5, subjection of
ketoimine 9a to the catalytic alkylation conditions described
above leads to less than 20% conversion after 48 h at 22 °C,
affording 10a in 92% ee.
To address the above shortcoming, we probed the catalytic
activity of a small selection of chiral ligands. We focused on
modification of the N-terminus’s aromatic moiety in order to
retain an important advantage of the ligand class, namely, the
inexpensive commercially available valine and phenylalanine
amino acid components. The results of these studies are
summarized in Table 5. The presence of an electron-withdrawing
(and possibly chelating) group ortho to the hydroxyl unit gives
rise to enhancement in enantioselectivity but causes little change
in efficiency (ligand 11, entry 2, Table 5). On the other hand,
incorporation of halides at the C2 and C4 carbons of the aryl
group leads to higher conversion; with chiral ligand 13 (entry
4, Table 5), bearing a dibromophenyl group at its N-terminus,
62% conversion is observed and the desired product is generated
with improved enantiomeric purity (>98% ee). Modified ligands
14 (entry 5) and 15 (entry 6), containing the more electron-
withdrawing nitro groups, prove to be more effective (vs 1),
but neither is superior to 13. To determine whether the higher
activity of 13 arises from steric factors, the catalytic AA reaction
was performed with 1614c,d (entry 7, Table 5), which proved
optimal, affording 95% conversion to enantiomerically pure 10a
(>98% ee). The relative ineffectiveness of 17 (entry 8) suggests
that the large group adjacent to the chelating hydroxyl unit might
be crucial for higher catalyst activity.
Trifluoromethyl ketoimines are catalytically alkylated with
high enantioselectivity (Table 6); products are obtained in 96 to >98% ee and 66–96% yield after purification. Catalytic
alkylation of 9d is performed at 40 °C to achieve 70%
conversion after 48 h (entry 4, Table 6); tertiary amine 10d is
isolated in 66% yield and >98% ee after silica gel chromatog-
raphy. In the case of 9e (entry 5, Table 6), where diminished
ketoimine electrophilicity is combined with the steric hindrance
of an o-methoxy substituent, alkylation is not observed even at
60 °C (48 h). The significance of ketoimine electrophilicity to
alkylation efficiency is consistent with observations regarding
transformations of R-ketoimine esters (see Table 2 and related
discussion). As illustrated in entry 6 of Table 6, trifluoroke-
(20) For an example of a medicinally relevant agent with a trifluoromethyl-
substituted tertiary carbinol, see: (a) Pierce, M. E.; et al. J. Org. Chem.
1998, 63, 8536–8543. For a general discussion regarding the signifi-
cance of F-containing molecules to modern medicine, see: (b) Muller,
K.; Faeh, C.; Diederich, F. Science 2007, 317, 1881–1886.
(21) For catalytic asymmetric protocols that afford trifluoromethyl-
substituted tertiary alcohols (in addition to ref 6), see: (a) Mikami,
K.; Itoh, Y.; Yamanaka, M. Chem. ReV. 2004, 104, 1–16. (b) Ma,
J.-A.; Cahard, D Chem. ReV. 2004, 104, 6119–6146. (c) Tur, F.; Saà,
J. M. Org. Lett. 2007, 9, 5079–5082. (d) Ogawa, S.; Shibata, N.;
Inagaki, J.; Nakamura, S.; Toru, T.; Shiro, M. Angew. Chem., Int. Ed.
2007, 46, 8666–8669.
Scheme 2. Effect of Chelating Heteroatoms on Zr-Catalyzed AA
Reactionsa
a Conditions: 5 mol % 1, 5 mol % Zr(Oi-Pr)4 ·HOi-Pr, 4.0 equiv of
Me2Zn, 4 °C, 24 h.
Table 5. Screening of Chiral Ligands for Catalytic AA Reactions of
Trifluoromethylketoimines with Me2Zna
a All reactions performed under N2 atmosphere; see Supporting
Information for experimental details. b Determined through analysis of
400 MHz 1H NMR spectra. c Enantioselectivities were determined by
chiral HPLC analysis; see Supporting Information for details.
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toimine 9f, which bears a heterocyclic indole substituent,
undergoes reaction to afford 10f in 96% yield and 98% ee.
b. Catalytic AA Reactions with Et2Zn. The higher reactivity
of Et2Zn (vs Me2Zn) renders the corresponding alkylations more
complicated, since the chiral catalyst must overcome particularly
competitive noncatalytic alkylzinc additions. As the data sum-
marized in entry 1 of Table 7 indicate, attempts at catalytic
alkylation of R-ketoimine ester 2a with Et2Zn and ligand 1
delivered amino ester 21a (93% ee; see Table 8). Only 50% of
the product mixture, however, arises from 1,2-addition. Also
present are 25% of rac-22a (G ) H) and 25% of conjugate
addition product rac-23a (G ) H).22 Control experiments
indicate that formation of 22 and 23 is due to an uncatalyzed
pathway that requires only the presence of Et2Zn (Zr salt is not
needed). 23 When the reaction is performed at -30 °C, in the
hopes of improving selectivity, <10% conversion is observed.
We reasoned that the competitive conjugate addition pathway,
if not the reduction process, might be rendered less favorable
by electronic manipulation of the N-aryl substituent. Nonethe-
less, as shown in entries 2 and 3 of Table 7, the presence of an
electron-donating methoxy (18; entry 2) or an electron-
withdrawing nitro group (19; entry 3) does not lead to higher
yields of the desired product 21a (G ) p-OMe and p-NO2,
respectively). With the substrate bearing a p-methoxy unit in
entry 2 (18), an equal mixture of the three products is generated,
suggesting that such an electronic alteration might reduce the
rate of the desired alkylation by diminishing imine electrophi-
licity (see above for a discussion of the effect of electron-
withdrawing aryl substituents). The presence of a p-nitro group
in 19 (entry 3) leads to exclusive generation of the reduction
product 22a (G ) p-NO2). Finally, we reasoned that a more
sterically demanding oxygen substituent within the N-aryl unit
might discourage competitive conjugate addition (see 20, entry
4, Table 7). This prediction was proven partly valid: <2% of
23b is observed with o-phenoxyimine 20 as the substrate (Table
7); the presence of the larger phenoxy unit retards the rate of
1,2-alkylation, however, to render hydride addition more favor-
able, as 66% of the product mixture consists of secondary amine
22b.24
The results from the studies involving Zr-catalyzed AA
reactions of Et2Zn and R-ketoimine esters are summarized in
Table 8. The R-quaternary amino ester 21a, easily separated
from 22a and 23a through silica gel chromatography, is isolated
in 48% yield and 93% ee.25 Reaction of p-methoxyphenyl
ketoimine (21e), shown in entry 2 of Table 8, is relatively
sluggish (15 h vs 4 h for 2a) but delivers a more favorable ratio
of the R-quaternary amino ester versus the reduced and
conjugate addition products (21e:22e:23e ) 68:16:16); 21e is
obtained in 95% ee and 66% yield after purification. In contrast,
when p-trifluoromethyl ketoimine 2f serves as the substrate
(entry 3, Table 8), only 4% of 21f is obtained; the remainder of
the mixture consists of the reduced (48%) and conjugate addition
products (48%). It is plausible that, with the more electrophilic
p-trifluoromethyl ketoimine, the rate of conjugate addition is
sufficiently rapid that it does not allow for effective competition
by the 1,2-addition pathway. The outcomes of the transforma-
tions illustrated in entries 4 and 5 of Table 8, involving Me-
and Boc-protected indole-based ketoimines, are consistent with
such a scenario. Alkylation of the slower-reacting N-methylin-
dole (entry 4, Table 8) proceeds to >98% conversion in 56 h
to afford the desired amino ester 21l in 91% ee and 74% yield;
75% of the product mixture consists of the desired product, with
only a total of 25% 22l and 23l formed. Alkylation of Boc-
protected indole in entry 5 of Table 8 proceeds more readily
(>98% conversion in 12 h); 21m, formed in 96% ee and isolated
in 52% yield, constitutes 56% of the mixture. With the more
electrophilic imine, the uncatalyzed processes become more
dominant, leading to the relatively lower yield of the quaternary
R-amino ester 21m.
2. Catalytic Asymmetric Alkylation Reactions of Alkyl-Sub-
stituted r-Ketoimine Esters. a. Synthesis of Alkyl-Substituted
r-Ketoimine Esters. Removal of o-anisidyl groups requires
oxidative procedures, an attribute that might be viewed as less
attractive than imines bearing protecting/activating groups that
are converted to unmasked amines upon subjection to hydrolytic
conditions.7 Arylimines used in this study, however, offer an
important advantage: the electron-donating aryl unit stabilizes
the CdN bond, allowing alkyl- as well as aryl-substituted
substrates to be easily prepared and used in catalytic transforma-
tions.26
(22) For a related conjugate addition (non-asymmetric) involving Et2AlCl,
see: Niwa, Y.; Shimizu, M. J. Am. Chem. Soc. 2003, 125, 3720–3721.
(23) Similar side products are observed, even in Ti-catalyzed reactions of
the more reactive R-aldimine esters with Et2Zn; see ref 6l .
(24) Extensive ligand screening studies did not lead to identification of a
catalyst system that promotes alkylation with Et2Zn with improved
product selectivity. Furthermore, for transformation of 2a to 21a, slow
addition of the dialkylzinc reagent (over 22 h), under otherwise
identical conditions (Tables 7 and 8), results in only ∼50% conversion
and diminished enantioselectivity (82% ee vs 93% ee) without an
improvement in product selectivity.
(25) Catalytic alkylations with lower amounts of the Zr salt lead to less
favorable results. For example, when 5 mol % 1 and 10 mol % Zr(Oi-
Pr)4 ·HOi-Pr (vs 20 mol %) are used, 21a–23a are generated in nearly
equal amounts. Increasing the amount of the chiral ligand is detrimental
as well: with 10 mol % 1 and 10 mol % of the Zr salt, the reaction
outcome is the same as mentioned above.
(26) (a) See ref 6e. (b) Josephsohn, N. S.; Snapper, M. L.; Hoveyda, A. H.
J. Am. Chem. Soc. 2004, 126, 3734–3735.
Table 6. Zr-Catalyzed AA Reactions of Trifluoromethylketoimines
with Me2Zna
a All reactions were performed under N2 atmosphere; see Supporting
Information for experimental details. b Determined through analysis of
400 MHz 1H NMR spectra of the unpurified product mixtures. c Yields
of products after purification. d Enantioselectivities were determined by
chiral HPLC analysis; see Supporting Information for details. e Reaction
performed at 40 °C.
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High-yielding synthesis of ketoimines, particularly when
gram-scale preparations are desired, can pose a challenge. Unlike
that of aldimines, formation of ketoimines is typically slow,
especially when parent ketones carry sterically hindered sub-
stituents. The route shown in Scheme 3, based on a recently
reported procedure,27 delivers aryl- as well as alkyl-substituted
ketoimines in a practical and efficient manner. For example,
the gram-scale synthesis of R-ketoimine ester 25a, obtained in
86% overall yield, is accomplished in two straightforward steps
from commercially available 2-methoxyaniline. Alkyl-substi-
tuted ketoimines such as 25a are isolated in a high degree of
purity through a simple aqueous wash (largely to remove
trimethylphosphine oxide) but cannot be purified by silica gel
chromatography. All R-ketoimine esters (alkyl- and aryl-
substituted) can be stored at -30 °C for several months without
significant hydrolysis or decomposition.
b. Identification of an Optimal Chiral Ligand. As the first
step in examining catalytic enantioselective alkylations of alkyl-
substituted ketoimines, we explored the effectiveness of the two
chiral ligands identified as optimal in the above studies.
R-Ketoimine ester 25a was selected as the prototypical substrate,
and its alkylation in the presence of Me2Zn and various amounts
of ligands 1 or 16 under different conditions was systematically
probed (Table 9). As shown in entry 1 of Table 9, with 10 mol
% 1 at 4 °C, catalytic AA proceeds to 93% conversion in 24 h
to afford amine 26a in 74% ee and 85% yield after purification.
To improve selectivity, the reaction was performed at -15 °C
(entry 2, Table 9), resulting in only 20% conversion to 26a.
When chiral ligand 16 is used under identical conditions at 4
°C (entry 3), alkylation proceeds to 93% conversion to afford
26a in 85% yield and 93% ee. As the data in entries 4 and 5 of
Table 9 indicate, when the Zr-catalyzed AA is carried out with
5 mol % catalyst loading (4 °C, 24 h), the desired product is
still obtained in useful yields (69–73%) and in 92% ee. When
2 mol % of 16 is used (entry 6), however, there is 49%
conversion after 24 h, and 26a is isolated in only 31% yield
(but still in 93% ee).
c. Zr-Catalyzed AA Reactions of Alkyl-Substituted r-Ketoi-
mine Esters. A range of alkyl-substituted R-ketoimine esters
undergo Zr-catalyzed AA with Me2Zn (Table 10). Reactions
of substrates bearing an n-alkyl group (entries 1–3, Table 10),
as well as those that carry a substituent with a  branch (entry
4), proceed to >90% conversion within 24 h at 4 °C to afford
R-quaternary amino esters in 86–93% ee and 52–85% yield after
silica gel purification. Ketoimines that bear an R-branched alkyl
group (entries 5 and 6, Table 10), on the other hand, are
alkylated at a reduced rate; nonetheless, 26e and 26f are obtained
in 82–83% ee. (See Scheme 6, below, for an additional
example.) It should be noted that the yields of purified products
shown in Table 10 correspond to a two-step process involving
synthesis of the requisite ketoimine from o-methoxyphenylazide
24 (see Scheme 3) with a simple aqueous wash, followed by
the catalytic AA reaction.
3. Practical Utility and Functionalization of r-Quater-
nary Amino Esters Obtained through Zr-Catalyzed AA Reac-
tions. a. Zr-Catalyzed AA Carried Out on Gram Scale and
Removal of the N-Aryl Group. The reactions developed through
this study are promoted by a chiral ligand that can be readily
prepared from two commercially available and inexpensive
amino acids and salicyl aldehydes that benefit from the same
attributes. Dipeptides 1 and 16 are prepared in four steps and
∼60% overall yield without the need for silica gel chromatog-
raphy; ligands are purified through a simple precipitation.
Moreover, as the example in Scheme 4 illustrates, reactions can
be performed on gram scale to obtain quaternary amino esters
in high yield and enantiomeric purity. Through a simple
precipitation procedure, the enantiomerically enriched products
can be purified to >98% ee (Scheme 4), a useful property that
may, at least partly, be due to the N-aryl unit. Perhaps the only
(27) Palacios, F.; Vicario, J.; Aparicio, D. J. Org. Chem. 2006, 71, 7690–
7696.
Table 7. Effect of N-Aryl Group on Zr-Catalyzed AA Reactions with Et2Zna
a All reactions performed under N2 atmosphere; see Supporting Information for experimental details. b Determined through analysis of 400 MHz 1H
NMR spectra of unpurified reaction mixtures.
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aspect of the present protocol that is less economically attractive
is the relatively high cost of dialkylzinc reagents. To address
this issue, we show by the reaction in Scheme 4 that 1.5 equiv
of Me2Zn (in contrast to 4 equiv used in the studies detailed
above) is sufficient for achieving high conversion.28
b. Enantioselective Synthesis of Allylic Amines, Amino Alco-
hols, and Aziridines Bearing an N-Substituted Quaternary
Carbon Stereogenic Center. Some of the notable attributes of
o-anisidine imines as electrophiles for enantioselective additions
to aldimines and ketoimines were briefly discussed before. We
have reported previously that o-anisidine groups can be removed
oxidatively to afford the corresponding amines or related
derivatives in 65–80% yield.14 One possible complication is that,
with quaternary amino esters, the increase in steric congestion
at the nitrogen could result in significant diminution of the rates
of oxidation reactions; these concerns arise from the accepted
mechanism for such oxidations performed in the presence of
PhI(OAc)2, which is often the optimal oxidant.29 In such
transformations, it is likely that the reaction is initiated through
displacement of an acetate group of the iodoacetate by the
(28) Attempts to prepare dialkylzinc reagents through reaction of the
corresponding alkyllithium reagents with ZnCl2 for in situ use in Zr-
catalyzed AA reactions resulted in variable conversions and complete
lack of enantioslectivity (<2% ee).
Table 8. Zr-Catalyzed AA of Aryl-Substituted R-Ketoimine Esters with Et2Zna
a All reactions were performed under N2 atmosphere; see Supporting Information for experimental details. b Determined through analysis of 400 MHz
1H NMR spectra of the unpurified product mixtures; conversion relates to the formation of all three products (21–23). c Yields of products after
purification. d Enantioselectivities were determined by chiral HPLC analysis; see Supporting Information for details. nd ) not determined.
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aniline nitrogen. As the examples in Scheme 5 illustrate,
products from catalytic AA reaction involving an aryl- or an
alkyl-substituted ketoimine can be converted to amines 27–29
in >70% yield after purification.
The catalytic protocols involving alkyl-substituted ketoimines
allow for incorporation of functional groups that can be utilized,
in conjunction with the nucleophilic amine of the product,
toward synthesis of enantiomerically enriched cyclic N-contain-
ing molecules. Two examples are presented in Scheme 6.
Alkylation of R-ketoimine ester 25g and concomitant reaction
of the resulting metal amide with the neighboring carboxylic
ester leads to five-membered ring lactam 26g, isolated in 63%
yield after silica gel purification and in 79% ee. Synthesis of
the allylamine derived from unsaturated amino ester 26b,
followed by catalytic ring-closing metathesis promoted by 2 mol
% Ru carbene 30,30 furnishes azacene 31 in 81% overall yield
(86% ee).
The carboxylic ester that resides within catalytic AA products
offers opportunities for a variety of functionalization procedures;
representative examples are shown in Scheme 7. The ester group
can be cleanly reduced to afford the R-quaternary amino
aldehyde in quantitative yield after treatment with DIBAL-H
(e.g., 32; <2% over-reduction). The corresponding R-quaternary
amino alcohol (e.g., 34) is obtained upon subjection of the AA
product with LAH (>98% yield after purification). Amino
aldehydes and alcohols may be used to access an assortment of
N-containing molecules of high enantiomeric purity. Conversion
to allylic amine 33 in 87% yield, which can be further
manipulated by diastereoselective conjugate addition processes,
and the three-step transformation to afford aziridine 35 in 74%
overall yield (and 94% ee) are two illustrative cases. It should
be noted that there are no existing catalytic asymmetric
aziridination31 protocols that can be used to access synthetically
versatile small-ring heterocycles such as 35.
4. Mechanistic Working Models. The stereochemical out-
come of the catalytic process may be predicted, as illustrated
by complex I in Figure 4, through a reactive complex consistent
(29) (a) Moriarty, R. M.; Vaid, R. K.; Duncan, M. P.; Ochiai, M.; Inenaga,
M.; Nagao, Y. Tetrahedron Lett. 1988, 29, 69136916. For an overview
of the utility of hypervalent reagents in organic synthesis, see: (b)
Kitamura, T.; Fujiwara, Y Org. Prep. Proc. 1997, 29, 409–458.
(30) Garber, S. B.; Kingsbury, J. S.; Gray, B. L.; Hoveyda, A. H. J. Am.
Chem. Soc. 2000, 122, 8168–8179.
(31) For studies on catalytic asymmetric aziridination reactions, see: (a)
Evans, D. A.; Faul, M. M.; Bilodeau, M. T.; Anderson, B. A.; Barnes,
D. M. J. Am. Chem. Soc. 1993, 115, 5328–5329. (b) Li, Z.; Conser,
K. R.; Jacobsen, E. N. J. Am. Chem. Soc. 1993, 115, 5326–5327. (c)
Tanner, D.; Andersson, P. G.; Harden, A.; Somfai, P. Tetrahedron
Lett. 1994, 35, 4631–4634. (d) Omura, K.; Murakami, M.; Uchida,
T.; Irie, R.; Katsuki, T. Chem. Lett. 2003, 32, 354–355. (e) Liang,
J.-L.; Yuan, S.-X.; Chan, P. W. C.; Che, C.-M. Tetrahedron Lett. 2003,
44, 5917–5920. (f) Xu, J.; Ma, L.; Jiao, P. Chem. Commun. 2004,
1616–1617. (g) Fioravanti, S.; Mascia, M. G.; Pellacani, L.; Tardella,
P. A. Tetrahedron 2004, 60, 8073–8077. (h) Kwong, H.-L.; Liu, D.;
Chan, K.-Y.; Lee, C.-S.; Huang, K.-H.; Che, C.-M. Tetrahedron Lett.
2004, 45, 3965–3968. (i) Redlich, M.; Hossain, M. M. Tetrahedron
Lett. 2004, 45, 8987–8990. (j) Fruit, C.; Müller, P. Tetrahedron:
Asymmetry 2004, 15, 1019–1026. (k) Ma, L.; Du, D.-M.; Xu, J. J.
Org. Chem. 2005, 70, 10155–10158. (l) Murugan, E.; Siva, A.
Synthesis 2005, 2022–2028. (m) Ma, L.; Jiao, P.; Zhang, Q.; Xu, J.
Tetrahedron: Asymmetry 2005, 16, 3718–3734. (n) Kawabata, H.;
Omura, K.; Katsuki, T. Tetrahedron Lett. 2006, 47, 1571–1574. (o)
Shen, Y.-M.; Zhao, M.-X.; Shi, Y. Angew. Chem., Int. Ed. 2006, 45,
8005–8008. (p) Armstrong, A.; Baxter, C. A.; Lamont, S. G.; Pape,
A. R.; Wincewicz, R. Org. Lett. 2007, 9, 351–353.
Scheme 3. Representative Synthesis of an R-Ketoimine Ester
Table 9. Initial Screening Studies for Zr-Catalyzed AA Reactions
of Alkyl-Substituted R-Ketoimine Esters with Me2Zna
entry ligand; mol % Zr salt; mol % temp (°C); conv (%)b yield (%)c ee (%)d
1 1; 10 10 4; 93 85 74
2 1; 10 10 -15; 20 73
3 16; 10 10 4; 93 85 93
4 16; 5 10 4; 84 73 92
5 16; 5 5 4; 81 69 92
6 16; 2 10 4; 49 31 93
a All reactions were performed under N2 atmosphere; see Supporting
Information for experimental details. b Determined through analysis of
400 MHz 1H NMR spectra of the unpurified product mixtures. c Yields
of products after purification. d Enantioselectivities were determined by
chiral HPLC analysis; see Supporting Information for details.
Table 10. Zr-Catalyzed AA of Alkyl-Substituted R-Ketoimine Esters
with Me2Zna
a All reactions were performed under N2 atmosphere; see Supporting
Information for experimental details. b Determined through analysis of
400 MHz 1H NMR spectra of the unpurified product mixtures. c Yields
of products after purification. Yields are overall for two steps starting
with aryl azide 24 and synthesis of ketoimine esters. d Enantio-
selectivities were determined by chiral HPLC analysis; see Supporting
Information for details. e Reaction performed on the derived ethyl ester.
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with the previously reported mechanistic models put forth for
reactions of this class of amino acid-based ligands.32 The
significance of the o-methoxy group of the N-activating unit,
likely required for two-point binding with the transition metal,
has been demonstrated by the data in Scheme 2. Previous studies
have underlined the significance of the AA2 moiety (see Figure
4), resulting in a conformationally restricted peptide backbone
that allows effective association of the C-terminus amide with
the alkylzinc reagent.32 Electron donation by association of the
Lewis basic amide (or its deprotonated form) with the dialky-
lzinc reagent likely results in redistribution of electron density
such that it leads to enhancement of the Zn center Lewis
acidity33 and increased alkylmetal nucleophilicity.34 The ste-
reogenic center at one amino acid unit (AA1) of the chiral ligand
causes the ketoimine substrate to coordinate anti to its i-Pr
group. As was suggested before, it is plausible that the amine
group of the chiral ligand allows for the formation of a Zr-N
bond, stabilizing a Lewis acidic cationic metal center, and
resulting in a more favorable complex caused by the dissociation
of a sterically demanding isopropoxide ligand. Coordination of
the carboxylic ester unit of the R-ketoimine ester with the Zr
center may provide additional transition-state organization,
requiring reaction through the thermodynamically less favored
E ketoimine stereoisomer (see Table 1). It has already been
mentioned that ketoimine isomers can interconvert readily, and
association with the chiral ligand may lead to alteration of the
stereochemical preferences of the unbound substrate; it is
therefore plausible that it is the less favored stereoisomer that
serves as the active form of an R-ketoimine ester.35
A similar model can be proposed for reactions involving
trifluoromethyl ketoimines (II, Figure 4). A noteworthy differ-
ence with the model proposed for reactions of R-ketoimine esters
(32) For example, see: (a) Josephsohn, N. S.; Kuntz, K. W.; Snapper, M. L.;
Hoveyda, A. H. J. Am. Chem. Soc. 2001, 123, 11594–11599. (b)
Carswell, E. L.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem., Int.
Ed. 2006, 45, 7230–7233.
(33) Theoretical studies (HF and B3LYP level of theory) indicate that
chelation of TMEDA with Me2Zn causes an increase in the positive
charge on Zn (qZn ) +1.247 to +1.364). See: Weston, J. Organo-
metallics 2000, 20, 713–720.
(34) Experimental and theoretical studies suggest that Lewis base coordina-
tion to a dialkylzinc reduces ZnsC bond order, increasing alkylmetal
nucleophilicity. See: (a) Hursthouse, M. B.; Motevalli, M.; O’Brien,
P.; Walsh, J. R.; Jones, A. C. J. Mater. Chem. 1991, 1, 139–140. (b)
Haaland, A.; Green, J. C.; McGrady, G. S.; Downs, A. J.; Gullo, E.;
Lyall, M. J.; Timberlake, J.; Tutukin, A. V.; Volden, H. V.; Ostby,
K-A. Dalton Trans. 2003, 4356–4366. For a general discussion, see:
(c) Denmark, S. E.; Wynn, T. J. Am. Chem. Soc. 2001, 123, 6199–
6200.
(35) In one instance, catalytic asymmetric additions of HCN to aldimines
have been shown to proceed through the thermodynamically less
favored Z substrate isomer: Vachal, P.; Jacobsen, E. N J. Am. Chem.
Soc. 2002, 124, 10012–10014.
Scheme 4. Zr-Catalyzed AA Reaction Performed on Gram Scale
Scheme 5. Synthesis of Unprotected Amine through Oxidative Removal of the o-Anisidine Group
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(I) is the origin of preference for reaction through the ketoimine
isomer shown. One possibility that can serve to organize the
reactive complex in a way similar to that proposed for I involves
chelation of a fluoride atom with the Lewis acidic Zr center.
Indeed, FfZr association,36 including those involving a cationic
metal center and a trifluoromethyl group,36h has been observed
on a number of occasions in complexes characterized through
X-ray crystallography.
Although the complexes shown in Figure 4 provide a rationale
for the stereochemical outcomes of AA reactions, it should be
noted that there are subtle issues that cannot be explained by
such models. As an example, modes of addition represented by
I and II do not offer an explanation as to why the identity of
the N-terminus aromatic ring is different for the optimal ligand
in reactions of trifluoromethylketoimines versus R-ketoimine
esters. It is the unpredictable effect of such seemingly minor
modifications that underlines the significance of the modular
character of the present amino acid-based class of chiral
catalysts.15b
Conclusions
We have developed the first catalytic protocol for enantiose-
lective alkylations of R-ketoimine esters with dimethyl- and
diethylzinc. Reactions proceed in the presence of as little as
0.5 mol % of a readily available chiral ligand. Catalytic
alkylations afford a variety of R-quaternary amino esters with
high enantioselectivity (from 79% up to >98% ee) and in yields
that are often at useful levels (38%–98% after purification).
(36) (a) Catala, R. M.; Cruz-Garritz, D.; Hills, A.; Hughes, D. L.; Richards,
R. L.; Sosa, P.; Torrens, H. J. Chem. Soc., Chem. Commun. 1987,
261–262. (b) Siedle, A. R.; Newmark, R. A.; Lamanna, W. M.
Organometallics 1993, 12, 1491–1492. (c) Memmler, H.; Walsh, K.;
Gade, L. H.; Lauher, J. W. Inorg. Chem. 1995, 34, 4062–4068. (d)
Temme, B.; Erker, G.; Karl, J.; Luftmann, H.; Fröhlich, R.; Kotila, S.
Angew. Chem., Int. Ed. Engl. 1995, 34, 1755–1757. (e) Ruwwe, J.;
Erker, G.; Fröhlich, R. Angew. Chem. Int. Ed. Engl. 1996, 35, 80–82.
(f) Karl, J.; Erker, G.; Fröhlich, R. J. Am. Chem. Soc. 1997, 119,
11165–11173. (g) Lancaster, S. J.; Thornton-Pett, M.; Dowson, D. M.;
Bochmann, M. Organometallics 1998, 17, 3829–3831. (h) Benedikt,
G. M.; Goodall, B. L.; Iyer, S.; McIntosh, L. H.; Mimna, R.; Rhodes,
L. F. Organometallics 2001, 20, 2565–2569. (i) Hannig, F.; Fröhlich,
R.; Bergander, K.; Erker, G.; Petersen, J. L. Organometallics 2004,
23, 4495–4502. (j) Bach, M. A.; Beweries, T.; BUrlakov, V. V.; Arndt,
P.; Baumann, W.; Spannenberg, A.; Rosenthal, U. Organometallics
2005, 24, 5916–5918. For related reviews, see: (k) Kulawiec, R. J.;
Crabtree, R. H. Coord. Chem. ReV. 1990, 99, 89–115. (l) Kiplinger,
J. L.; Richmond, T. G.; Osterberg, C. E. Chem. ReV. 1994, 94, 373–
431. (m) Plenio, H. Chem. ReV. 1997, 97, 3363–3384.
Scheme 6. Application to Synthesis of Enantiomerically Enriched N-Containing Heterocycles
Scheme 7. Reduction of Catalytic AA Products and Representative
Functionalizations
5540 J. AM. CHEM. SOC. 9 VOL. 130, NO. 16, 2008
A R T I C L E S Fu et al.
Among the positive attributes of the Zr-catalyzed protocol are
the ease and efficiency with which the chiral ligand, consisiting
of commercially available and inexpensive amino acids and
salicyl aldehydes, and ketoimine substrates can be prepared on
gram scale. That catalytic AA reactions can be carried out on
alkyl- as well as aryl-substituted R-ketoimines is noteworthy;
this characteristic arises from the stabilizing effects of the
o-anisidyl imines, which are resistant to enolization (enamine
formation) but are readily activated upon association with
the Lewis acidic chiral Zr complex. Oxidative removal of the
N-activating group is not adversely affected by a neighboring
quaternary carbon center; the unprotected amine is obtained in
>70% yield (after purification) through a one-pot procedure.
The presence of a carboxylic ester within the enantiomerically
enriched products provides opportunities for functionalization:
enantiomerically enriched products are readily and efficiently
converted to an assortment of useful compounds such as the
derived lactams, azacenes, amino aldehydes, amino alcohols,
and aziridines.
Although we have succeeded in securing advances on several
fronts in the area of catalytic asymmetric ketoimine alkylations,
the studies outlined herein raise a variety of questions that point
to the need for substantial future investigations. Perhaps the most
notable is that catalytic AA reactions are limited to transforma-
tions involving two dialkylzinc reagents; processes with longer-
chain alkylmetals give rise to non-enantioselective reduction
of the ketoimines. A chiral catalyst that effectively competes
with such undesired pathways is needed in the same way that
the presence of ligand 1 largely overcomes competitive imine
reduction (see Table 8). Such a chiral catalyst would be
especially attractive if reactions were to be promoted at minimal
catalyst loadings (e.g., <2 mol %). The relatively high cost of
dialkylzinc reagents is another issue that should be kept in mind.
Efficient protocols that utilize more economically attractive
alkylating agents, such as trialkylaluminum reagents, represent
one possible attractive option.
Studies that address the above shortcomings in chiral ligand/
catalyst design and methodology, as well as development of
other catalytic enantioselective methods for additions of C-based
nucleophiles to ketoimines and applications to synthesis of
biologically relevant molecules, are the focus of ongoing
investigations in these laboratories.
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Figure 4. Proposed model for Zr-catalyzed AA reactions.
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SUPPORTING INFORMATION, Part I 
General. Infared (IR) spectra were recorded on a Nicolet 210 spectrophotometer, νmax in cm-1. 
Bands are characterized as broad (br), strong (s), medium (m), and weak (w). 1H NMR spectra 
were recorded on a Varian Unity INOVA 400 (400 MHz) spectrometer.  Chemical shifts are 
reported in ppm from tetramethylsilane with the solvent resonance as the internal standard 
(CDCl3: δ 7.26 ppm).  Data are reported as follows: chemical shift, integration, multiplicity (s = 
singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), and coupling constants 
(Hz).  13C NMR spectra were recorded on a Varian Unity INOVA 400 (100 MHz) spectrometer 
with complete proton decoupling.  Chemical shifts are reported in ppm from tetramethylsilane 
with the solvent resonance as the internal standard (CDCl3: δ 77.16 ppm).  High-resolution mass 
spectrometry was performed on a Micromass LCT ESI-MS (positive mode) at the Mass 
Spectrometry Facility, Boston College and at the University of Illinois Mass Spectrometry 
Laboratories (Urbana, Illinois).  Elemental microanalyses were performed at Robertson Microlit 
Laboratories (Madison, NJ).  Enantiomeric ratios were determined by chiral HPLC analysis 
(Chiral Technologies Chiralcel OD column, 25 cm x 0.46 cm) in comparison with authentic 
racemic materials.  Optical rotations were measured on a Rudolph Research Analytical Autopol 
IV Polarimeter.  Unless otherwise noted, all reactions were carried out under a N2 atmosphere 
using solvents from solvent system.  Fisherbrand HPLC grade hexanes and 2-propanol were used 
without further purification.  Toluene was purified under a positive pressure of dry Ar by a 
modified Innovative Technologies purification system; toluene was purged with Ar and purified 
by being passed through two alumina columns.  All work-up and purification procedures were 
carried out with reagent grade solvents in air.  Zr(Oi-Pr)4•HOi-Pr was purchased from Aldrich 
and used in a glove box as received.  PhI(OAc)2 was purchased from Acros and used as received.  
EDC•HCl, HOBt•H2O, Boc-protected amino acids, o-anisidine were purchased from commercial 
sources (Advanced Chemtech, Nova Biochem, Aldrich) and used without purification.  Unless 
otherwise stated, substrates were synthesized from commercially available starting materials 
through previously reported protocols. 
(2-Methoxy-phenylimino)-phenyl-acetic acid methyl ester (2a) (Z:E=7:1).  Yellow solid; m. 
p. = 50–51 °C. IR (neat): 2951 (m), 2836 (s), 1734 (s), 1627 (m), 1588 (m), 1489 (m), 1451 (m), 
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1296 (m), 1249 (m), 1218 (m), 1114 (s), 1046 (m), 749 (s) cm-1. 1H NMR (400 MHz, CDCl3; 
mixture of two isomers, data for the minor isomer is shown in brackets): δ 7.91-7.88 (2H, m, Ar-
H), 7.52-7.44 (3H, m, Ar-H), [7.28-7.18 (0.43H, m, Ar-H)], 7.14-7.10 (1H, m, Ar-H), [7.03-6.99 
(0.15H, m, Ar-H)], 6.93-6.89 (2H, m, Ar-H), 6.83-6.80 (1H, m, Ar-H), [6.78-6.75 (0.26H, m, 
Ar-H)], [6.62 (0.11H, dd, J = 8.0, 1.6 Hz, Ar-H)], [3.97 (0.36H, s, ArOCH3)], 3.83 (3H, s, 
ArOCH3), [δ 3.65 (0.36H, s, COOCH3)], 3.64 (3H, s, COOCH3). 13C NMR (100 MHz, CDCl3; 
major isomer): δ 165.2, 160.6, 150.4, 139.7, 134.1, 131.8, 128.8, 128.4, 126.1, 120.8, 119.8, 
111.6, 56.0, 52.0.  Elemental analysis for C16H15NO3: Calcd: C, 71.36; H, 5.61; N, 5.20.  Found: 
C, 71.25; H, 5.64; N, 5.21. 
(2-Methoxy-phenylimino)-naphthalen-1-yl-acetic acid methyl ester (2b) (Z:E=3:1). Yellow 
solid; m. p. = 79–80 °C. IR (neat): 2950 (m), 1732 (m), 1591 (s), 1490 (m), 1453 (m), 1230 (br), 
1249 (m), 1112 (m) 793 (m) cm-1. 1H NMR (400 MHz, CDCl3; mixture of two isomers, data for 
the minor isomer is shown in brackets): δ [8.67 (0.4H, d, J = 8.4 Hz, Ar-H)], [7.97 (0.4H, d, J = 
8.4 Hz, Ar-H)], [7.91-7.89 (0.4H, m, Ar-H)], 7.81-7.76 (3H, m, Ar-H), 7.60-7.44 (3H, m, Ar-H), 
7.34-7.30 (1H, m, Ar-H), 7.26-7.22 (2H, m, Ar-H), [7.18-7.14 (0.4H, m, Ar-H)], 6.98-6.95 (1H, 
m, Ar-H), 6.90-6.86 (1H, m, Ar-H), 6.66 (1H, dd, J = 8.4, 0.8 Hz, Ar-H), 6.60-6.52 (2H, m, Ar-
H), 3.93 (3H, s, ArOCH3), [3.87 (1H, s, ArOCH3)], [3.62 (1H, s, COOCH3)], 3.57 (3H, s, 
COOCH3). 13C NMR (100 MHz, CDCl3; mixture of isomers): δ 165.3, 164.8, 162.3, 161.6, 
149.7, 149.2, 139.7, 138.2, 134.1, 133.2, 132.7, 132.3, 131.5, 131.2, 130.7, 129.8, 128.6, 128.3, 
127.6, 126.7, 126.5, 126.4, 126.2, 126.2, 125.6, 124.9, 124.9, 124.8, 120.8, 120.2, 120.0, 111.5, 
110.9, 55.9, 55.2, 53.4, 52.2. Elemental analysis for C20H17NO3. Calcd: C, 75.22; H, 5.37; N, 
4.39.  Found: C, 74.93; H, 5.21; N, 4.32. 
(2-Methoxy-phenylimino)-naphthalen-2-yl-acetic acid methyl ester (2c) (Z:E=10:1). Yellow 
solid; m. p. = 82–84 °C. IR (neat): 2951 (m), 1735 (s), 1616 (m), 1588 (m), 1491 (m), 1465 (m), 
1435 (m), 1302 (br), 1249 (m), 1214 (m), 1167 (m), 1047 (m), 750 (m) cm-1. 1H NMR (400 
MHz, CDCl3; mixture of two isomers, data for the minor isomer is shown in brackets): δ 8.24 
(2H, d, J = 1.6 Hz, Ar-H), 8.14 (1H, dd, J = 8.4, 1.6 Hz, Ar-H), 7.92 (2H, d, J = 8.0 Hz, Ar-H), 
7.88 (1H, d, J = 7.6 Hz, Ar-H), 7.59-7.51 (2H, m, Ar-H), 7.16-7.12 (1H, m, Ar-H), 6.96-6.91 
(1H, m, Ar-H), 6.87-6.85 (1H, m, Ar-H), [4.00 (0.36H, s, ArOCH3)], 3.85 (3H, s, ArOCH3), 
3.69 (3H, s, COOCH3), [δ 3.65 (0.32H, s, COOCH3)]. 13C NMR (100 MHz, CDCl3; major 
isomer): δ 165.4, 160.7, 150.5, 139.8, 135.1, 132.9, 131.6, 129.8, 129.3, 128.7, 128.0, 127.9, 
126.8, 126.1, 124.3, 120.8, 119.8, 111.6, 56.0, 52.1. Elemental analysis for C20H17NO3. Calcd: C, 
75.22; H, 5.37; N, 4.39.  Found: C, 75.19; H, 5.62; N, 4.22. 
(2-Methoxy-phenyl)-(2-methoxy-phenylimino)-acetic acid methyl ester (2d) (Z:E=1:1). 
Yellow solid; m. p. = 78–80 °C. IR (neat): 2948 (m), 2837 (m), 1733 (s), 1623 (m), 1598 (m), 
1489 (m), 1464 (m), 1300 (m), 1271 (m), 1250 (m), 1173 (m), 1112 (m), 1024 (m), 752 (m) cm-
1. 1H NMR (400 MHz, CDCl3; mixture of two isomers, data for the minor isomer is shown in 
brackets): δ 7.95-7.92 (1H, m, Ar-H), 7.48-7.44 (1H, m, Ar-H), 7.28-7.23 (1H, m, Ar-H), 7.12-
7.04 (2H, m, Ar-H), 7.00-6.84 (6H, m, Ar-H), 6.79-6.70 (4H, m, Ar-H), 6.59-6.56 (1H, m, Ar-
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H), 3.93 (3H, s, ArOCH3), 3.81 (3H, s, ArOCH3), 3.81 (3H, s, COOCH3), 3.76 (3H, s, 
ArOCH3), 3.70 (3H, s, COOCH3), 3.58 (3H, s, ArOCH3). 13C NMR (100 MHz, CDCl3; mixture 
of isomers): δ 165.3, 165.0, 160.1, 159.1, 158.5, 157.5, 150.1, 149.5, 139.9, 138.7, 133.0, 131.1, 
130.8, 129.3, 125.9, 125.8, 125.3, 123.5, 121.5, 120.7, 120.4, 120.2, 119.9, 111.6, 111.4, 111.1, 
111.0, 56.1, 55.9, 55.7, 55.5, 53.1, 51.7. Elemental analysis for C17H17NO4. Calcd: C, 68.21; H, 
5.72; N, 4.68.  Found: C, 68.16; H, 5.63; N, 4.51. 
(4-Methoxy-phenyl)-(2-methoxy-phenylimino)-acetic acid methyl ester (2e) (Z:E=10:1). 
Yellow solid; m. p. = 78–80 °C. IR (neat): 2952 (m), 1734 (s), 1603 (m), 1513 (s), 1463 (m), 
1309 (m), 1252 (m), 1221 (m), 1166 (m), 1027 (m), 750 (m) cm-1. 1H NMR (400 MHz, CDCl3; 
mixture of two isomers, data for the minor isomer is shown in brackets): δ 7.87-7.83 (2H, m, Ar-
H), [7.17 (0.2H, dd, J = 6.4, 2.0 Hz, Ar-H)], 7.12-7.07 (1H, m, Ar-H), 6.98-6.94 (2H, m, Ar-H), 
6.92-6.87 (2H, m, Ar-H), 6.79 (1H, dd, J = 7.6, 1.6 Hz, Ar-H), [6.74 (0.2H, dd, J = 6.8, 2.0 Hz, 
Ar-H)], [6.63 (0.1H, dd, J = 7.6, 1.6 Hz, Ar-H)], [3.96 (0.4H, s, ArOCH3)], 3.87 (3H, s, 
ArOCH3), 3.83 (3H, s, ArOCH3), [3.76 (0.4H, s, ArOCH3)], [3.68 (0.4H, s, COOCH3)], 3.62 
(3H, s, COOCH3). 13C NMR (100 MHz, CDCl3; major isomer): δ 165.5, 162.6, 160.0, 150.6, 
140.0, 130.2, 126.9, 125.8, 120.8, 119.9, 114.2, 111.6, 56.0, 55.6, 51.9. Elemental analysis for 
C17H17NO4. Calcd: C, 68.21; H, 5.72; N, 4.68.  Found: C, 68.36; H, 5.47; N, 4.42. 
(2-Methoxy-phenylimino)-(4-trifluoromethyl-phenyl)-acetic acid methyl ester (2f) 
(Z:E=6:1). Yellow solid; m. p. = 89–91 °C. IR (neat): 2948 (m), 1734 (s), 1627 (m), 1488 (s), 
1325 (m), 1067 (m) cm-1. 1H NMR (400 MHz, CDCl3; mixture of two isomers, data for the 
minor isomer is shown in brackets): δ 8.02 (2H, d, J = 8.4 Hz, Ar-H), 7.72 (2H, d, J = 8.4 Hz, 
Ar-H), [7.51 (0.4H, d, J = 8.8 Hz, Ar-H)], [7.32 (0.4H, d, J = 8.4 Hz, Ar-H)], 7.06-7.01 (1H, m, 
Ar-H), 6.95-6.91 (2H, m, Ar-H), 6.84-6.75 (1H+0.4H, m, Ar-H, [Ar-H]), [6.64 (0.2H, dd, J = 
7.6, 1.6 Hz, Ar-H)], [3.98 (0.6H, s, ArOCH3)], 3.83 (3H, s, ArOCH3), 3.66 (3H, s, COOCH3), 
[3.63 (0.6H, s, COOCH3)]. 13C NMR (100 MHz, CDCl3; major isomer): δ 164.6, 159.0, 150.1, 
139.2, 137.4, 133.2 (q, J = 32.5 Hz), 129.0, 128.7, 126.6, 123.9 (q, J = 271.1 Hz), 120.8, 119.8, 
111.6, 55.9, 52.2. Elemental analysis for C17H14F3NO3. Calcd: C, 60.54; H, 4.18; N, 4.15.  
Found: C, 60.44; H, 4.08; N, 4.05. 
(2-Bromo-phenyl)-(2-methoxy-phenylimino)-acetic acid methyl ester (2g) (Z:E=6:1). Yellow 
solid; m. p. = 68–70 °C. IR (neat): 2950 (m), 1748 (m), 1729 (m), 1640 (m), 1588 (s), 1490 (m), 
1464 (m), 1250 (m), 1216 (m), 1061 (m), 1024 (m), 743 (m) cm-1. 1H NMR (400 MHz, CDCl3; 
mixture of two isomers, data for the minor isomer is shown in brackets): δ [7.76-7.73 (0.2H, m, 
Ar-H)], [7.61-7.59 (0.2H, m, Ar-H)], 7.54-7.51 (2H, m, Ar-H), [7.44-7.40 (0.2H, m, Ar-H)], 
[7.35-7.31 (0.2H, m, Ar-H)], 7.17-7.09 (2H, m, Ar-H), 7.02-6.88 (1H+1H+0.2H, m, Ar-H, Ar-
H, [Ar-H]), 6.77-6.72 (2H, m, Ar-H), 6.67 (1H, dd, J = 7.6, 1.6 Hz, Ar-H)], 3.96 (3H, s, 
ArOCH3), [3.80 (0.4H, s, ArOCH3)], 3.73 (3H, s, COOCH3), [3.64 (0.4H, s, COOCH3)]. 13C 
NMR (100 MHz, CDCl3; major isomer): δ 164.0, 160.6, 149.2, 137.9, 136.0, 132.4, 130.7, 129.7, 
127.1, 126.5, 121.9, 120.5, 120.1, 111.1, 55.5, 53.6. Elemental analysis for C16H14BrNO3. Calcd: 
C, 55.19; H, 4.05; N, 4.02.  Found: C, 55.19; H, 3.97; N, 4.04. 
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(4-Bromo-phenyl)-(2-methoxy-phenylimino)-acetic acid methyl ester (2h) (Z:E=7:1). Yellow 
solid; m. p. = 75–77 °C. IR (neat): 2951 (m), 1736 (s), 1626 (s), 1584 (m), 1492 (m), 1454 (m), 
1309 (br), 1249 (m), 1219 (m), 1114 (s), 1071 (m), 1006 (m) 749 (m) cm-1. 1H NMR (400 MHz, 
CDCl3; mixture of two isomers, data for the minor isomer is shown in brackets): δ 7.79-7.75 
(2H, m, Ar-H), 7.61-7.58 (2H, m, Ar-H), [7.39-7.36 (0.33H, m, Ar-H)], 7.15-7.01 
(1H+0.32H+0.17H, m, Ar-H, [Ar-H], [Ar-H]), 6.93-6.89 (2H, m, Ar-H), 6.81-6.79 (1H+0.38H, 
m, Ar-H, [Ar-H]), [6.63 (0.28H, dd, J = 7.6; 1.6 Hz, Ar-H)], [3.97 (0.4H, s, ArOCH3)], 3.83 
(3H, s, ArOCH3), [3.65 (0.4H, s, COOCH3)], 3.64 (3H, s, COOCH3). 13C NMR (100 MHz, 
CDCl3; major isomer): δ 164.8, 159.4, 150.2, 139.4, 133.1, 132.0, 129.9, 126.6, 126.3, 120.8, 
119.7, 111.6, 56.0, 52.1. Elemental analysis for C16H14BrNO3. Calcd: C, 55.19; H, 4.05; N, 4.02.  
Found: C, 55.45; H, 3.94; N, 3.87. 
(3-Chlorophenyl)-(2-methoxy-phenylimino)-acetic acid methyl ester (2i) (Z:E=10:1). Yellow 
solid; m. p. = 63–65 °C. IR (neat): 2951 (m), 1732 (m), 1627 (br), 1588 (m), 1492 (m), 1464 (m), 
1299 (m), 1216 (m), 1114 (m), 1024 (m) cm-1. 1H NMR (400 MHz, CDCl3; mixture of two 
isomers, mixture of two isomers, data for the minor isomer is shown in brackets): δ 7.95 (1H, t, J 
= 1.6 Hz, Ar-H), 7.74-7.72 (1H, m, Ar-H), 7.50-7.47 (1H, m, Ar-H), 7.41-7.37 (1H, m, Ar-H), 
7.16-7.11 (1H, m, Ar-H), 6.94-6.90 (2H, m, Ar-H), 6.80 (1H, dd, J = 7.6, 1.6 Hz, Ar-H), [3.98 
(3H, s, ArOCH3)], 3.83 (3H, s, ArOCH3), [3.66 (0.4H, s, COOCH3)], 3.65 (3H, s, COOCH3). 
13C NMR (100 MHz, CDCl3; major isomer): δ 164.7, 159.2, 150.2, 139.3, 135.9, 135.0, 131.8, 
130.0, 128.3, 126.6, 126.4, 120.8, 119.8, 111.6, 56.0, 52.2. Elemental analysis for C16H14ClNO3. 
Calcd: C, 63.27; H, 4.65; N, 4.61.  Found: C, 63.30; H, 4.89; N, 4.88. 
(4-Iodo-phenyl)-(2-methoxy-phenylimino)-acetic acid methyl ester (2j) (Z:E=7:1). Yellow 
solid; m. p. = 55–57 °C. IR (neat): 2951 (m), 1734 (s), 1595 (m), 1501 (s), 1451 (m), 1426 (m), 
1218 (m) cm-1. 1H NMR (400 MHz, CDCl3; mixture of two isomers, data for the minor isomer is 
shown in brackets): δ 7.83-7.79 (2H, m, Ar-H), 7.64-7.57 (2H+0.2H, m, Ar-H), 7.15-7.10 (1H, 
m, Ar-H),  [7.06-7.01 (0.2H, m, Ar-H)], 6.94-6.89 (2H, m, Ar-H), 6.81-6.77 (1H+0.1H, m, Ar-
H), [6.62 (0.2H, dd, J = 7.6, 1.6 Hz, Ar-H)], [3.96 (0.4H, s, ArOCH3)], 3.83 (3H, s, ArOCH3), [δ 
3.65 (0.4H, s, COOCH3)], 3.63 (3H, s, COOCH3). 13C NMR (100 MHz, CDCl3; major isomer): δ 
164.7, 159.6, 150.2, 139.4, 138.0, 137.2, 133.7, 130.2, 129.8, 126.3, 120.8, 119.7, 111.6, 99.0, 
56.0, 52.1. Elemental analysis for C16H14INO3. Calcd: C, 48.63; H, 3.57; N, 3.54.  Found: C, 
48.67; H, 3.29; N, 3.36. 
Furan-2-yl-(2-methoxy-phenylimino)-acetic acid methyl ester (2k) (Z:E=3:1). Yellow solid; 
m. p. = 78–80 °C.IR (neat): 2952 (m), 1738 (s), 1614 (m), 1587 (m), 1491 (m), 1474 (m), 1303 
(m), 1254 (m), 1114 (m), 1038 (m), 1010 (m), 751 (m) cm-1. 1H NMR (400 MHz, CDCl3; 
mixture of two isomers, data for the minor isomer is shown in brackets): δ 7.63 (1H, dd, J = 2.0, 
0.8 Hz, Ar-H), [7.33 (0.3H, dd, J = 1.6, 0.4 Hz, Ar-H)], 7.13-7.03 (1H, m, Ar-H), 7.02 (1H, d, J 
= 0.8 Hz, Ar-H), 6.94-6.86 (3+0.3H, m, Ar-H), [6.82-6.80 (0.3H, m, Ar-H)], [6.59 (0.3H, dd, J = 
3.6, 0.8 Hz, Ar-H)], 6.55 (1H, dd, J = 3.6, 2.0 Hz, Ar-H), [6.35 (0.3H, dd, J = 3.6, 2.0 Hz, Ar-
H)], [4.00 (1H, s, ArOCH3)], 3.81 (3H, s, ArOCH3), [3.70 (1H, s, COOCH3)], 3.65 (3H, s, 
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COOCH3). 13C NMR (100 MHz, CDCl3; mixture of isomers): δ 163.1, 150.1, 149.8, 149.5, 
148.9, 148.5, 146.4, 145.1, 139.3, 139.0, 126.3, 125.5, 121.0, 120.8, 119.5, 118.2, 117.0, 112.3, 
111.9, 111.6, 111.3, 55.8, 53.3, 52.3. HRMS Calcd for C14H14NO4 (M+H): 260.09228. Found: 
260.09301. 
(2-Methoxy-phenylimino)-(1-methyl-1H-indol-3-yl)-acetic acid methyl ester (2l) (Z:E=15:1).  
Yellow solid; m. p. = 109–110 °C.IR (neat): 2949 (m), 1731 (s), 1601 (m), 1534 (s), 1489 (m), 
1466 (m), 1373 (m), 1278 (m), 1247 (m), 1193 (m), 1133 (m), 1084 (m), 1025 (m), 746 (m) cm-
1. 1H NMR (400 MHz, CDCl3; major isomer): δ 8.54 (1H, d, J = 7.6 Hz, Ar-H), 7.60 (1H, s, Ar-
H), 7.36-7.27 (3H, m, Ar-H), 7.09-7.05 (1H, m, Ar-H), 6.95-6.89 (3H, m, Ar-H), 3.83 (3H, s, 
ArOCH3), 3.83 (3H, s, NCH3), 3.62 (3H, s, COOCH3). 13C NMR (100 MHz, CDCl3; major 
isomer): δ 165.1, 155.4, 150.3, 140.9, 138.0, 134.5, 126.4, 124.9, 123.5, 123.3, 122.0, 121.0, 
120.8, 112.3, 112.0, 109.5, 85.0, 56.1, 51.7, 33.4. HRMS Calcd for C19H19N2O3 (M+H): 
323.13957.  Found: 323.13965. 
3-[Methoxycarbonyl-(2-methoxy-phenylimino)-methyl]-indole-1-carboxylic acid tert-butyl 
ester (2m) (Z:E=15:1). Yellow oil; IR (neat): 2979 (m), 1733 (br), 1614 (m), 1552 (m), 1506 
(m), 1490 (m), 1451 (m), 1371 (br), 1309 (br), 1287 (br), 1244 (br), 1153 (br), 1110 (m), 1029 
(m), 748 (m) cm-1. 1H NMR (400 MHz, CDCl3; major isomer): δ 8.59-8.57 (1H, m, Ar-H), 8.16 
(1H, d, J = 8.4 Hz, Ar-H), 8.09 (1H, s, J = 7.2 Hz, Ar-H), 7.40-7.34 (2H, m, Ar-H), 7.13-7.09 
(1H, m, Ar-H), 6.96-6.89 (3H, m, Ar-H), 3.83 (3H, s, ArOCH3), 3.64 (3H, s, COOCH3), 1.70 
(9H, s, OC(CH3)3). 13C NMR (100 MHz, CDCl3; major isomer): δ 164.2, 155.1, 150.0, 149.4, 
140.0, 136.0, 131.0, 127.9, 125.7, 125.7, 124.2, 123.5, 121.0, 120.6, 116.9, 115.1, 111.8, 85.0, 
56.0, 52.0, 28.3. HRMS Calcd for C23H24N2O5: 408.1685.  Found: 408.1690. 
 (2-Methoxy-phenyl)-(2,2,2-trifluoro-1-phenyl-ethylidene)-amine (9a). Yellow oil; IR (neat): 
3064 (m), 2942 (m), 2838 (m), 1666 (br), 1593 (s), 1492 (m), 1465 (m), 1332 (m), 1253 (m), 
1197 (m), 1132 (m), 1046 (m), 971 (s), 745 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.32-7.22 
(5H, m, Ar-H), 7.01-6.98 (1H, m, Ar-H), 6.79-6.75 (2H, m, Ar-H), 6.64 (1H, dd, J = 7.6, 1.6 Hz, 
Ar-H), 3.65 (3H, s, ArOCH3). 13C NMR (100 MHz, CDCl3): δ 158.6 (q, J = 33.4 Hz), 148.8, 
136.9, 130.9, 130.3, 128.3, 128.0, 126.2, 120.7, 120.7, 119.9 (q, J = 277.4 Hz), 111.5, 55.4. 
Elemental analysis for C15H12F3NO. Calcd: C, 64.51; H, 4.33; N, 5.02. Found: C, 64.29; H, 4.08; 
N, 5.19. 
[1-(4-Bromo-phenyl)-2,2,2-trifluoro-ethylidene]-(2-methoxy-phenyl)-amine (9b). Yellow oil; 
IR (neat): 2950 (m), 1665 (br), 1589 (s), 1490 (m), 1465 (m), 1332 (m), 1253 (m), 1218 (m), 
1197 (m), 1169 (m), 1073 (m), 971 (s), 746 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.42-7.40 
(2H, m, Ar-H), 7.10 (2H, d, J = 8.4, Ar-H), 7.06-7.02 (1H, m, Ar-H), 6.84-6.77 (2H, m, Ar-H), 
6.65 (1H, dd, J = 7.6, 1.6 Hz, Ar-H), 3.66 (3H, s, ArOCH3). 13C NMR (100 MHz, CDCl3): δ 
157.6 (q, J = 33.8 Hz), 148.4, 136.6, 131.7, 129.8, 129.6, 126.6, 124.9, 120.9, 120.8, 119.7 (q, J 
= 277.8 Hz), 111.7, 55.5. Elemental analysis for C15H11BrF3NO. Calcd: C, 50.30; H, 3.10; N, 
3.91. Found: C, 50.17; H, 2.83; N, 3.86. 
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4-[2,2,2-Trifluoro-1-(2-methoxy-phenylimino)-ethyl]-benzoic acid methyl ester (9c). Yellow 
oil; IR (neat): 1727 (s), 1492 (m), 1437 (m), 1332 (m), 1281 (m), 1253 (m), 1196 (m), 1134 (m) 
1112 (m), 974 (m), 746 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.95-7.93 (2H, m, Ar-H), 7.31-
7.29 (2H, m, Ar-H), 7.04-7.00 (1H, m, Ar-H), 6.81-6.73 (2H, m, Ar-H), 6.66 (1H, dd, J = 8.0, 
1.6 Hz, Ar-H), 3.89 (3H, s, COOCH3), 3.63 (3H, s, ArOCH3). 13C NMR (100 MHz, CDCl3): δ 
166.3, 157.9 (q, J = 29.8 Hz), 148.3, 136.4, 135.3, 131.6, 129.5, 128.2, 126.7, 120.9, 120.8, 
119.7 (q, J = 277.4 Hz), 111.6, 55.4, 52.5. Elemental analysis for C17H14F3NO3. Calcd: C, 60.54; 
H, 4.18; N, 4.15. Found: C, 60.82; H, 3.89; N, 4.07. 
(2-Methoxy-phenyl)-[2,2,2-trifluoro-1-(4-methoxy-phenyl)-ethylidene]-amine (9d). Yellow 
oil; IR (neat): 2938 (m), 2839 (m), 1655 (m), 1607 (m), 1513 (m), 1492 (m), 1464 (m), 1337 (m), 
1296 (m), 1253 (m), 1221 (m), 1180 (m), 1131 (m), 1029 (m), 971 (s), 833 (m), 752 (m) cm-1. 1H 
NMR (400 MHz, CDCl3): δ 7.19 (2H, d, J = 8.4 Hz, Ar-H), 7.05-7.00 (1H, m, Ar-H), 6.82-6.75 
(4H, m, Ar-H), 6.63 (1H, dd, J = 8.0, 1.6 Hz, Ar-H), 3.76 (3H, s, ArOCH3), 3.68 (3H, s, 
ArOCH3). 13C NMR (100 MHz, CDCl3): δ 161.0, 157.9 (q, J = 33.0 Hz), 149.0, 137.3, 130.0, 
126.0, 122.9, 120.8, 120.6, 120.1 (q, J = 278.2 Hz), 113.8, 111.6, 55.6, 55.3. HRMS Calcd for 
C16H15F3NO2 (M+H): 310.1055.  Found: 310.1048. 
(2-Methoxy-phenyl)-[2,2,2-trifluoro-1-(2-methoxy-phenyl)-ethylidene]-amine (9e). White 
solid; m. p. = 64-67 °C. IR (neat): 2945 (m), 2839 (m), 1668 (m), 1599 (m), 1492 (m), 1463 (m), 
1436 (m), 1331 (m), 1282 (m), 1254 (m), 1184 (m), 1133 (m) 1024 (m), 970 (s), 748 (m) cm-1. 
1H NMR (400 MHz, CDCl3): δ 7.30-7.26 (1H, m, Ar-H), 7.14-7.12 (1H, m, Ar-H), 7.00-6.95 
(1H, m, Ar-H), 6.88-6.84 (1H, m, Ar-H), 6.78-6.75 (2H, m, Ar-H), 6.72-6.68 (1H, m, Ar-H), 
6.62-6.59 (1H, m, Ar-H), 3.74 (3H, s, ArOCH3), 3.66 (3H, s, ArOCH3). 13C NMR (100 MHz, 
CDCl3): δ 157.6 (q, J = 34.6 Hz), 156.8, 149.4, 137.5, 131.6, 129.1, 126.2, 120.6, 120.3, 120.2, 
119.7, 119.7 (q, J = 277.4 Hz), 111.2, 111.0, 55.6, 55.5. HRMS Calcd for C16H15F3NO2 (M+H): 
310.10549. Found: 310.10595. 
3-[2,2,2-Trifluoro-1-(2-methoxy-phenylimino)-ethyl]-indole-1-carboxylic acid tert-butyl 
ester (9f) (Z:E=3:1). Yellow oil; 1H NMR (400 MHz, CDCl3; mixture of isomers, data for minor 
isomer is shown in brackets): δ [8.52 (0.3H, d, J = 7.6 Hz, Ar-H)], [8.17 (0.3H, s, Ar-H)], 8.06 
(1H, d, J = 8.4 Hz, Ar-H), 7.77 (1H, s, Ar-H), [7.40-7.33 (0.6H, m, Ar-H)], 7.24-7.22 (1H, m, 
Ar-H), 7.13-6.92 (3H+0.6H, m, Ar-H), [6.87-6.85 (0.3H, m, Ar-H)], 6.82 (1H, d, J = 8.0 Hz, Ar-
H), 6.69-6.62 (2H, m, Ar-H), [3.80 (0.9H, s, ArOCH3)], 3.78 (3H, s, ArOCH3), [1.72 (2.7H, s, 
C(CH3)3], 1.66 (9H, s, C(CH3)3. 13C NMR (100 MHz, CDCl3): δ 152.2 (q, J = 34.6 Hz), 149.9, 
149.0, 137.4, 134.7, 130.4, 128.1, 127.0, 126.8, 125.1, 124.6 (q, J = 234.5 Hz), 123.2, 120.6, 
120.0, 115.2, 115.0, 85.1, 55.7, 55.4, 28.2. HRMS Calcd for C22H22F3N2O3 (M+H): 419.1583. 
Found: 419.1595. 
Representative procedure for Zr-catalyzed enantioselective addition of dialkylzinc reagents 
to aryl-substituted ketoimines.  In a glove box under N2 atmosphere, a 10x75 mm test tube was 
charged with amino acid-based ligand 1 (2.30 mg, 5.00 μmol), ketoimine 2a (26.9 mg, 0.100 
mmol), Zr(Oi-Pr)4•HOi-Pr (2.73 mg, 7.00 μmol in 70.0 μL toluene), and toluene (402 μL).  The 
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resulting solution was allowed to stir for 5 min, after which the reaction vessel was sealed with a 
septum and Teflon tape and removed from the glove box.  The solution was allowed to cool to –
78 °C (dry ice/acetone), and Me2Zn (28.0 μL, 0.400 mmol) were introduced through a syringe.  
The resulting mixture was allowed to stir for 24 h at –15 °C before addition of 1.0 mL of a 
saturated solution of NH4Cl.  After removal of the organic layer, the aqueous layer was washed 
with Et2O (3x2 mL).  The combined organic layers were concentrated in vacuo and the resulting 
white solid was purified by silica gel chromatography (10:1 hexanes:EtOAc) to afford 6a as a 
colorless solid (26.2 mg, 0.920 mmol, 92% yield).  
2-(2-Methoxy-phenylamino)-2-phenyl-propionic acid methyl ester (6a).  White solid; m. p. = 
95–97 °C. IR (neat): 3413 (br), 2951 (m), 1731 (s), 1601 (s), 1513 (m), 1453 (m), 1429 (m), 
1263 (m), 1225 (m), 1028 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.59-7.57 (2H, m, Ar-H), 
7.37-7.33 (2H, m, Ar-H), 7.30-7.26 (1H, m, Ar-H), 6.78 (1H, dd, J = 7.6, 1.6 Hz, Ar-H), 6.61-
6.56 (2H, m, Ar-H), 6.05 (1H, dd, J = 7.2, 1.6 Hz, Ar-H), 5.78 (1H, s, NH), 3.90 (3H, s, 
COOCH3), 3.68 (3H, s, ArOCH3), 1.98 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 175.1, 
147.7, 141.4, 134.6, 128.7, 127.6, 127.0, 120.6, 116.9, 113.1, 109.7, 63.0, 55.7, 53.2, 23.5. 
Elemental analysis for C17H19NO3. Calcd: C, 71.56; H, 6.71; N, 4.91.  Found: C, 71.46; H, 6.71; 
N, 4.83.  Optical rotation: [α]D20 –28.2 (c 0.90, CHCl3) for a >98% ee sample (after 
recrystallization).  Enantiomeric purity was determined by chiral HPLC analysis (OD, 98:2 
hexanes:i-PrOH, 254 nm; tR = 31 min (minor) and tR = 40 min (major)). 
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2-(2-Methoxy-phenylamino)-2-naphthalen-1-yl-propionic acid methyl ester (6b). White 
solid; m. p. = 128–130 °C. IR (neat): 3405 (br), 2950 (m), 1731 (s), 1602 (s), 1506 (m), 1450 
(m), 1426 (s), 1265 (m), 738 (m) cm-1.  1H NMR (400 MHz, CDCl3): δ 8.44-8.41 (1H, m, Ar-H), 
7.87-7.82 (2H, m, Ar-H), 7.79 (1H, d, J = 7.6 Hz, Ar-H), 7.54 (1H, t, J = 8.0 Hz, Ar-H), 7.43-
7.41 (2H, m, Ar-H), 6.72 (1H, dd, J = 8.0, 1.2 Hz, Ar-H), 6.49 (2H, dtd, J = 40.8, 7.6, 1.6 Hz, 
Ar-H), 6.11 (1H, dd, J = 8.0, 1.6 Hz, Ar-H), 6.06 (1H, s, NH), 3.89 (3H, s, COOCH3), 3.62 (3H, 
s, ArOCH3), 2.10 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 176.9, 148.3, 137.4, 135.0, 
134.4, 131.7, 129.4, 128.9, 126.3, 125.7, 125.7, 125.0, 124.9, 120.6, 117.3, 113.5, 109.8, 63.2, 
55.8, 53.3, 24.5. Elemental analysis for C21H21NO3, Calcd: C, 75.20; H, 6.31; N, 4.18. Found: C, 
75.20; H, 6.25; N, 4.07. Optical rotation: [α]D20 +56.7 (c 1.10, CHCl3) for a 92% ee sample.  
Enantiomeric purity was determined by chiral HPLC analysis (OD, 98:2 hexanes:i-PrOH, 254 
nm; tR = 38 min (minor) and tR = 46 min (major)). 
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2-(2-Methoxy-phenylamino)-2-naphthalen-2-yl-propionic acid methyl ester (6c). White 
solid; m. p. = 95–97 °C. IR (neat): 3414 (br), 2951 (m), 1733 (s), 1601 (s), 1511 (s), 1452 (m), 
1429 (m), 1265 (m), 1224 (m), 1028 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 8.06 (1H, s, Ar-H), 
7.87-7.81 (2H, m, Ar-H), 7.81 (1H, d, J = 8.4 Hz, Ar-H), 7.69 (1H, dd, J = 8.8, 2.0 Hz, Ar-H), 
7.49-7.47 (2H, m, Ar-H), 6.79 (1H, d, J = 7.6 Hz, Ar-H), 6.61-6.57 (1H, m, Ar-H), 6.50 (1H, t, J 
= 7.6 Hz, Ar-H), 6.09 (1H, dd, J = 8.0, 1.6 Hz, Ar-H), 5.90 (1H, s, NH), 3.92 (3H, s, COOCH3), 
3.68 (3H, s, ArOCH3), 2.09 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 175.1, 147.8, 139.0, 
134.6, 133.5, 132.9, 128.5, 128.4, 127.7, 126.3, 126.2, 126.1, 125.0, 120.7, 117.0, 113.2, 109.7, 
63.2, 55.7, 53.2, 23.3. HRMS Calcd for C21H22NO3 (M+H): 336.15997. Found: 336.16025. 
Optical rotation: [α]D20 –16.2 (c 1.00, CHCl3) for a 96% ee sample.  Enantiomeric purity was 
determined by chiral HPLC analysis (OD, 98:2 hexanes:i-PrOH, 254 nm; tR = 38 min (minor) 
and tR = 49 min (major)). 
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2-(2-Methoxy-phenyl)-2-(2-methoxy-phenylamino)-propionic acid methyl ester (6d). White 
solid; m. p. = 102–105 °C. IR (neat): 3415 (br), 2948 (m), 1740 (s), 1601 (s), 1513 (m), 1490 
(m), 1456 (s), 1262 (m), 1226 (m), 1027 (s), 741 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.53 
(1H, dd, J = 7.6, 0.8 Hz, Ar-H), 7.30-7.26 (1H, m, Ar-H), 6.98 (1H, td, J = 7.6, 0.8 Hz, Ar-H), 
6.87 (1H, d, J = 8.4 Hz, Ar-H), 6.75-6.73 (1H, m, Ar-H), 6.64-6.57 (2H, m, Ar-H), 6.50-6.48 
(1H, m, Ar-H), 5.60 (1H, s, NH), 3.85 (3H, s, COOCH3), 3.76 (3H, s, ArOCH3), 3.67 (3H, s, 
ArOCH3), 1.90 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 175.2, 157.0, 148.2, 135.0, 
130.4, 129.0, 128.0, 120.5, 120.4, 117.4, 114.6, 111.7, 109.6, 61.7, 55.7, 52.5, 24.6. HRMS calcd 
for C18H22NO4 (M+H): 316.15488. Found: 316.15618. Optical rotation: [α]D20 –48.7 (c 0.74, 
CHCl3) for a 88% ee sample. Enantiomeric purity was determined by chiral HPLC analysis (OD, 
98:2 hexanes:i-PrOH, 254 nm; tR = 57 min (minor) and tR = 68 min (major)). 
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2-(4-Methoxy-phenyl)-2-(2-methoxy-phenylamino)-propionic acid methyl ester (6e). 
Colorless oil; IR (neat): 3414 (br), 2952 (m), 1733 (s), 1602 (s), 1510 (s), 1455 (m), 1253 (m), 
1226 (m), 1122 (s) 740 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.49 (2H, dd, J = 6.8, 2.0 Hz, 
Ar-H), 6.88 (2H, dd, J = 6.8, 2.0 Hz, Ar-H), 6.79-6.77 (1H, m, Ar-H), 6.62-6.58 (2H, m, Ar-H), 
6.08 (1H, dd, J = 7.2, 2.0 Hz, Ar-H), 5.76 (1H, s, NH), 3.90 (3H, s, COOCH3), 3.80 (3H, s, 
ArOCH3), 3.69 (3H, s, ArOCH3), 1.96 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 175.3, 
159.0, 147.7, 134.6, 133.3, 128.2, 120.6, 116.8, 114.0, 113.0, 109.6, 62.5, 55.6, 55.3, 53.1, 23.3. 
HRMS calcd for C18H22NO4 (M+H): 316.15488. Found: 316.15474. Optical rotation: [α]D20 –
36.4 (c 1.00, CHCl3) for a 96% ee sample. Enantiomeric purity was determined by chiral HPLC 
analysis (OD, 98:2 hexanes:i-PrOH, 254 nm; tR = 38 min (minor) and tR = 46 min (major)). 
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2-(2-Methoxy-phenylamino)-2-(4-trifluoromethyl-phenyl)-propionic acid methyl ester (6f). 
Colorless oil; IR (neat): 3413 (br), 2950 (m), 1739 (s), 1602 (s), 1513 (s), 1456 (m), 1327 (s), 
1264 (m), 1228 (m), 1120 (s), 740 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.72 (2H, d, J = 8.4 
Hz, Ar-H), 7.60 (2H, d, J = 8.4 Hz, Ar-H), 6.80 (1H, dd, J = 7.6, 1.6 Hz, Ar-H), 6.64 (1H, td, J = 
7.6, 1.6 Hz, Ar-H), 6.57 (1H, td, J = 7.6, 1.6 Hz, Ar-H), 5.96 (1H, dd, J = 8.0, 1.6 Hz, Ar-H), 
5.80 (1H, s, NH), 3.92 (3H, s, ArOCH3), 3.70 (3H, s, COOCH3), 1.99 (3H, s, CCH3). 13C NMR 
(100 MHz, CDCl3): δ 174.4, 147.7, 145.4, 134.1, 129.8 (q, J = 32.2 Hz), 127.6, 125.6 (q, J = 3.6 
Hz), 124.3 (q, J = 270.6 Hz), 120.6, 117.4, 113.1, 109.8, 63.0, 55.7, 53.4, 24.1. HRMS Calcd for 
C18H19F3NO3 (M+H): 354.13170, Found: 354.13271. Optical rotation: [α]D20 –22.7 (c 1.70, 
CHCl3) for a 96% ee sample.  Enantiomeric purity was determined by chiral HPLC analysis 
(OD, 98:2 hexanes:i-PrOH, 254 nm; tR = 32 min (minor) and tR = 37 min (major)). 
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2-(2-Bromo-phenyl)-2-(2-methoxy-phenylamino)-propionic acid methyl ester (6g). White 
solid; m. p. = 147–149 °C. IR (neat): 3424 (br), 2946 (m), 1741 (s), 1601 (s), 1519 (s), 1455 (m), 
1434 (m), 1263 (m), 1025 (s), 741 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.71 (1H, dd, J = 
8.0, 1.6 Hz, Ar-H), 7.54 (1H, dd, J = 8.0, 1.6 Hz, Ar-H), 7.39-7.35 (1H, m, Ar-H), 7.19-7.14 
(1H, m, Ar-H), 6.76 (1H, dd, J = 8.0, 1.6 Hz, Ar-H), 6.63-6.58 (1H, m, Ar-H), 6.56-6.51 (1H, m, 
Ar-H), 6.21 (1H, dd, J = 8.0, 1.6 Hz, Ar-H), 5.76 (1H, s, NH), 3.88 (3H, s, COOCH3), 3.72 (3H, 
s, ArOCH3), 2.00 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 174.4, 148.1, 140.4, 134.7, 
134.3, 129.6, 129.2, 127.2, 123.5, 120.4, 117.4, 113.3, 109.9, 64.2, 55.8, 53.1, 24.8. Elemental 
analysis for C17H18BrNO3. Calcd: C, 56.06; H, 4.98; N, 3.85.  Found: C, 56.31; H, 5.12; N, 3.83. 
Optical rotation: [α]D20 6.26 (c = 1.00, CHCl3) for a >98% ee sample. (after recrystallization).  
Enantiomeric purity was determined by chiral HPLC analysis (OD, 98:2 hexanes:i-PrOH, 254 
nm; tR = 46 min (minor) and tR = 55 min (major)). 
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2-(4-Bromo-phenyl)-2-(2-methoxy-phenylamino)-propionic acid methyl ester (6h). White 
solid; m. p. = 102–104 °C. IR (neat): 3412 (br), 2950 (m), 1736 (s), 1602 (s), 1512 (s), 1486 (m), 
1455 (m), 1264 (m), 1227 (m), 1122 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.46 (4H, s, Ar-H), 
6.79 (1H, dd, J = 7.6, 1.6 Hz, Ar-H), 6.65-6.56 (2H, m, Ar-H), 6.00 (1H, dd, J = 8.0, 1.6 Hz, Ar-
H), 5.77 (1H, s, NH), 3.90 (3H, s, ArOCH3), 3.69 (3H, s, COOCH3), 1.95 (3H, s, CCH3). 13C 
NMR (100 MHz, CDCl3): δ 174.6, 147.7, 140.4, 134.2, 131.8, 129.0, 121.8, 120.6, 117.2, 113.1, 
109.7, 62.7, 55.7, 53.3, 23.7.  Elemental analysis for C17H18BrNO3. Calcd: C, 56.06; H, 4.98; N, 
3.85. Found: C, 56.34; H, 4.88; N, 3.63. Optical rotation: [α]D20 –29.6 (c 1.00, CHCl3) for a 95% 
ee sample. Enantiomeric purity was determined by chiral HPLC analysis (OD, 98:2 hexanes:i-
PrOH, 254 nm; tR = 30 min (minor) and tR = 37 min (major)). 
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2-(3-Chlorophenyl)-2-(2-methoxy-phenylamino)-propionic acid methyl ester (6i). White 
solid; m. p. = 90–92 °C. IR (neat): 3413 (br), 2950 (m), 1736 (s), 1602 (s), 1511 (s), 1454 (m), 
1429 (s), 1263 (m), 1225 (m), 1122 (s), 739 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.60-7.59 
(1H, m, Ar-H), 7.48-7.45 (1H, m, Ar-H), 7.28-7.26 (2H, m, Ar-H), 6.79 (1H, dd, J = 7.6, 1.6 Hz, 
Ar-H), 6.49 (2H, dtd, J = 22.0, 7.6, 1.6 Hz, Ar-H), 6.01 (1H, dd, J = 7.6, 1.6 Hz, Ar-H), 5.78 
(1H, s, NH), 3.90 (3H, s, COOCH3), 3.70 (3H, s, ArOCH3), 1.96 (3H, s, CCH3). 13C NMR (100 
MHz, CDCl3): δ 174.5, 147.8, 143.6, 134.7, 134.2, 129.9, 127.9, 127.4, 125.4, 120.6, 117.3, 
113.1, 109.8, 62.8, 55.7, 53.3, 23.6. Elemental analysis for C17H18ClNO3. Calcd: C, 63.85; H, 
5.67; N, 4.38. Found: C, 64.02; H, 5.66; N, 4.45. Optical rotation: [α]D20 –23.6 (c = 0.84, CHCl3) 
for a 95% ee sample. Enantiomeric purity was determined by chiral HPLC analysis (OD, 98:2 
hexanes:i-PrOH, 254 nm; tR = 30 min (minor) and tR = 43 min (major)). 
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2-(4-Iodophenyl)-2-(2-methoxy-phenylamino)-propionic acid methyl ester (6j). White solid; 
m. p. = 95–97 °C. IR (neat): 3413 (br), 2951 (m), 1735 (s), 1601 (s), 1511 (s), 1484 (m), 1455 
(m), 1264 (m), 1226 (m), 1122 (s), 739 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.68-7.66 (2H, 
m, Ar-H), 7.35-7.33 (2H, m, Ar-H), 6.79 (1H, dd, J = 7.6, 1.6 Hz, Ar-H), 6.66-6.57 (2H, m, Ar-
H), 6.01 (1H, dd, J = 7.6, 1.6 Hz, Ar-H), 5.77 (1H, s, NH), 3.90 (3H, s, ArOCH3), 3.69 (3H, s, 
COOCH3), 1.95 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 174.5, 147.7, 141.2, 137.7, 
134.2, 129.2, 120.6, 117.2, 113.1, 109.7, 93.6, 62.8, 55.6, 53.3, 23.6. Elemental analysis for 
C17H18INO3. Calcd: C, 49.65; H, 4.41; N, 3.41.  Found: C, 49.97; H, 4.40; N, 3.21. Optical 
rotation: [α]D20 –31.3 (c 1.10, CHCl3) for a 94% ee sample. Enantiomeric purity was determined 
by chiral HPLC analysis (OD, 98:2 hexanes:i-PrOH, 254 nm; tR = 37 min (minor) and tR = 45 
min (major)). 
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2-Furan-2-yl-2-(2-methoxy-phenylamino)-propionic acid methyl ester (6k). White solid; m. 
p. = 78–80 °C.IR (neat): 3410 (br), 2952 (m), 1740 (s), 1602 (s), 1513 (m), 1456 (m), 1345 (m), 
1267 (m), 1236 (m), 1167 (m), 1051 (m), 739 (s) cm-1.  1H NMR (400 MHz, CDCl3): δ 7.39 (1H, 
dd, J = 1.6, 0.8 Hz, Ar-H), 6.79-6.77 (1H, m, Ar-H), 6.68-6.66 (2H, m, Ar-H), 6.41 (1H, dd, J = 
6.4, 0.8 Hz, Ar-H), 6.37 (1H, dd, J = 6.4, 1.6 Hz, Ar-H), 6.30-6.27 (1H, m, Ar-H), 5.60 (1H, s, 
NH), 3.87 (3H, s, COOCH3), 3.76 (3H, s, ArOCH3), 1.91 (3H, s, CCH3). 13C NMR (100 MHz, 
CDCl3): δ 173.5, 153.8, 147.9, 142.5, 134.6, 120.7, 117.7, 112.9, 110.6, 109.8, 108.2, 60.0, 55.6, 
53.3, 22.5. HRMS Calcd for C15H18NO4 (M+H): 276.12358. Found: 276.12339; Optical rotation: 
[α]D20 –53.5 (c 0.67, CHCl3) for a 94% ee sample. Enantiomeric purity was determined by chiral 
HPLC analysis (OD, 98:2 hexanes:i-PrOH, 254 nm; tR = 46 min (minor) and tR = 50 min 
(major)). 
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2-(2-Methoxy-phenylamino)-2-(1-methyl-1H-indol-3-yl)-propionic acid methyl ester (6l). 
White solid; m. p. = 124–127 °C.IR (neat): 3411 (br), 2926 (m), 1730 (s), 1601 (s), 1511 (m), 
1460 (m), 1368 (m), 1265 (m), 1224 (m), 1120 (m), 1028 (s), 741 (s) cm-1.  1H NMR (400 MHz, 
CDCl3): δ 8.01 (1H, d, J = 8.0 Hz, Ar-H), 7.41-7.37 (2H, m, Ar-H), 7.34-7.30 (1H, m, Ar-H), 
7.20-7.16 (1H, m, Ar-H), 6.90-6.87 (1H, m, Ar-H), 6.74-6.71 (2H, m, Ar-H), 6.57-6.55 (1H, m, 
Ar-H), 5.77 (1H, s, NH), 3.98 (3H, s, NCH3), 3.88 (3H, s, COOCH3), 3.79 (3H, s, ArOCH3), 
2.16 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 175.5, 147.7, 137.6, 135.5, 127.7, 126.0, 
121.8, 121.4, 120.7, 119.5, 116.8, 116.1, 112.8, 109.7, 109.3, 60.1, 55.7, 52.9, 33.0, 23.8. HRMS 
Calcd for C20H23N2O3 (M+H): 339.17087. Found: 339.17029. Optical rotation: [α]D20 –23.7 
(c 0.81, CHCl3) for a 91% ee sample. Enantiomeric purity was determined by chiral HPLC 
analysis (OD, 98:2 hexanes:i-PrOH, 254 nm; tR = 61 min (minor) and tR = 71 min (major)). 
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3-[1-Methoxycarbonyl-1-(2-methoxy-phenylamino)-ethyl]-indole-1-carboxylic acid tert-
butyl ester (6m). Colorless oil; IR (neat): 3407 (br), 2948 (m), 1733 (s), 1602 (s), 1512 (m), 
1451 (m), 1371 (s), 1249 (m), 1156 (m), 1056 (s), 744 (m) cm-1.  1H NMR (400 MHz, CDCl3): δ 
8.09 (1H, d, J = 7.2 Hz, Ar-H), 7.83 (1H, d, J = 8.0 Hz, Ar-H), 7.72 (1H, s, Ar-H), 7.28-7.24 
(1H, m, Ar-H), 7.13 (1H, td, J = 8.0, 0.8 Hz, Ar-H), 6.77-6.74 (1H, m, Ar-H), 6.62-6.57 (2H, m, 
Ar-H), 6.47-6.44 (1H, m, Ar-H), 5.73 (1H, s, NH), 3.88 (3H, s, COOCH3), 3.68 (3H, s, 
ArOCH3), 1.90 (3H, s, CCH3), 1.70 (9H, s, OC(CH3)3). 13C NMR (100 MHz, CDCl3): δ 174.9, 
149.9, 147.9, 135.9, 135.1, 128.6, 124.6, 124.3, 122.9, 122.4, 121.4, 120.8, 117.3, 115.2, 112.9, 
109.8, 84.2, 59.7, 55.7, 53.2, 28.4, 23.5. HRMS Calcd for C24H29N2O5 (M+H): 425.20764. 
Found: 425.20601. Optical rotation: [α]D20 8.93 (c 0.50, CHCl3) for a 97% ee sample. 
Enantiomeric purity was determined by chiral HPLC analysis (OD, 98:2 hexanes:i-PrOH, 254 
nm; tR = 35 min (minor) and tR = 59 min (major)). 
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(2-Methoxy-phenyl)-(2,2,2-trifluoro-1-methyl-1-phenyl-ethyl)-amine (10a). White solid; m. 
p.= 75–77 °C. IR (neat): 3403 (br), 2931 (m), 1731 (s), 1517 (s), 1277 (m), 1233 (m), 1185 (m), 
1148 (m) 750 (s) cm-1.1H NMR (400 MHz, CDCl3): δ 7.66-7.63 (2H, m, Ar-H), 7.42-7.37 (3H, 
m, Ar-H), 6.81 (1H, dd, J = 8.4, 1.4 Hz, Ar-H), 6.70-6.65 (1H, m, Ar-H), 6.55-6.51 (1H, m, Ar-
H), 5.96 (1H, dd, J = 7.6, 1.2 Hz, Ar-H), 5.11 (1H, s, NH), 3.91 (3H, s, ArOCH3), 1.90 (3H, s, 
CCH3). 13C NMR (100 MHz, CDCl3): δ 148.0, 137.3, 133.8, 128.7, 128.5, 128.1, 126.6 (q, J = 
283.6 Hz), 120.4, 118.1, 114.6, 109.8, 62.8 (q, J = 26.4 Hz), 55.8, 20.5. HRMS Calcd for 
C16H17F3NO (M+H): 296.12622. Found: 296.12616; Optical rotation: [α]D20 +32.4 (c 0.78, 
CHCl3) for a >98% ee sample.  Enantiomeric purity was determined by chiral HPLC analysis 
(OD, 99.9:0.1 hexanes:i-PrOH, 254 nm; tR = 42 min (minor) and tR = 46 min (major)). 
 
 
  Proof of Stereochemistry: Deprotection affords HCl•amine salt 28 (see Scheme 5 of the text).  
Comparison of the optical rotation of enantiomerically enriched 28 to values reported previouslyi 
establish absolute stereochemistry.  Reported: [α]D20 –22.0 (c 1.94, CHCl3) for a >98% ee 
sample.  Measured: [α]D20 –24.3 (c 0.20, CHCl3) for a >98% ee sample. 
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 [1-(4-Bromo-phenyl)-2,2,2-trifluoro-1-methyl-ethyl]-(2-methoxy-phenyl)-amine (10b). 
Colorless oil; IR (neat): 3423 (br), 2931 (m), 1603 (s), 1516 (s), 1489 (m), 1463 (m), 1274 (m), 
1230 (m), 1178 (m), 1156 (m) 1079 (m), 742 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.54-7.49 
(4H, m, Ar-H), 6.81 (1H, dd, J = 8.4, 1.4 Hz, Ar-H), 6.69 (1H, td, J = 7.6, 1.6 Hz, Ar-H), 6.56 
(1H, td, J = 8.0, 1.2 Hz, Ar-H), 5.94 (1H, dd, J = 7.2, 1.6 Hz, Ar-H), 5.08 (1H, s, NH), 3.90 (3H, 
s, ArOCH3), 1.87 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 148.0, 136.5, 133.4, 131.9, 
130.0, 126.3 (q, J = 284.3 Hz), 123.0, 120.5, 118.4, 114.5, 109.9, 62.7 (q, J = 26.6 Hz), 55.8, 
20.3. HRMS Calcd for C16H16BrF3NO (M+H): 374.03674.  Found: 373.03651. Optical rotation: 
[α]D20 +27.2 (c 0.80, CHCl3) for a 99% ee sample.  Enantiomeric purity was determined by 
chiral HPLC analysis (OD, 99.9:0.1 hexanes:i-PrOH, 254 nm; tR 53 = min (minor) and tR 56 = 
min (major)). 
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4-[2,2,2-Trifluoro-1-(2-methoxy-phenylamino)-1-methyl-ethyl]-benzoic acid methyl ester 
(10c). White solid; m. p. = 88–90 °C. IR (neat): 3404 (br), 3002 (m), 2953 (m), 1728 (s), 1603 
(s), 1517 (s), 1488 (m), 1458 (m), 1280 (m), 1232 (m), 1189 (m), 1157 (m) 1019 (m), 742 (s) cm-
1. 1H NMR (400 MHz, CDCl3): δ 8.07-8.04 (2H, m, Ar-H), 7.72 (2H, d, J = 8.4 Hz, Ar-H), 6.81 
(1H, dd, J = 8.0, 1.2 Hz, Ar-H), 6.70-6.66 (1H, m, Ar-H), 6.53-6.48 (1H, m, Ar-H), 5.87 (1H, 
dd, J = 8.0, 1.2 Hz, Ar-H), 5.11 (1H, s, NH), 3.92 (3H, s, COOCH3), 3.91 (3H, s, ArOCH3), 1.90 
(3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 166.8, 148.0, 142.4, 133.4, 130.4, 129.9, 128.3, 
126.3 (q, J = 284.2 Hz), 120.5, 118.5, 114.5, 110.0, 62.9 (q, J = 26.6 Hz), 55.8, 52.3, 20.7. 
HRMS Calcd for C18H19F3NO3 (M+H): 354.13170.  Found: 354.13291; Optical rotation: [α]D20 
+23.2 (c = 0.90, CHCl3) for a 96% ee sample. Enantiomeric purity was determined by chiral 
HPLC analysis (OD-R, 99.7:0.3 hexanes:i-PrOH, 254 nm; tR = 59 min (minor) and tR = 66 min 
(major)). 
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(2-Methoxy-phenyl)-[2,2,2-trifluoro-1-(4-methoxy-phenyl)-1-methyl-ethyl]-amine (10d). 
White solid; m. p. = 103–105 °C. IR (neat): 3407 (br), 3003 (m), 2957 (m), 2838 (m), 1604 (s), 
1513 (s), 1464 (m), 1302 (m), 1276 (s), 1255 (s), 1178 (m), 1152 (m), 1121 (m), 1031 (m), 839 
(m), 742 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.54 (2H, d, J = 8.8 Hz, Ar-H), 6.92-6.90 (2H, 
m, Ar-H), 6.81-6.79 (1H, m, Ar-H), 6.69-6.64 (1H, m, Ar-H), 6.56-6.52 (1H, m, Ar-H), 6.01-
5.99 (1H, m, Ar-H), 5.06 (1H, s, NH), 3.90 (3H, s, ArOCH3), 3.83 (3H, s, ArOCH3), 1.86 (3H, s, 
CCH3). 13C NMR (100 MHz, CDCl3): δ 159.6, 147.9, 138.8, 129.4, 129.0, 126.6 (q, J = 283.9 
Hz), 120.5, 118.0, 114.5, 114.0, 110.0, 62.4 (q, J = 26.2 Hz), 55.8, 55.4, 20.0. HRMS Calcd for 
C17H19F3NO2 (M+H): 326.13679.  Found: 326.13658. Optical rotation: [α]D20 +28.7 (c 0.77, 
CHCl3) for a >98% ee sample. Enantiomeric purity was determined by chiral HPLC analysis 
(AS, 99.7:0.3 hexanes:i-PrOH, 254 nm; tR = 40 min (major)). 
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3-[2,2,2-Trifluoro-1-(2-methoxy-phenylamino)-1-methyl-ethyl]-indole-1-carboxylic acid 
tert-butyl ester (10f). Colorless oil; IR (neat): 3392 (br), 2980 (m), 2935 (m), 2837 (m), 1734 
(s), 1601 (m), 1488 (s), 1433 (s), 1280 (m), 1232 (m), 1144 (s), 1087 (m) 1027 (m), 739 (s) cm-1. 
1H NMR (400 MHz, CDCl3): δ 8.14 (1H, d, J = 7.6 Hz, Ar-H), 7.98 (1H, d, J = 8.0 Hz, Ar-H), 
7.70 (1H, s, Ar-H), 7.31-7.27 (1H, m, Ar-H), 7.16-7.12 (1H, m, Ar-H), 6.80-6.78 (1H, m, Ar-H), 
6.68-6.63 (1H, m, Ar-H), 6.52-6.48 (1H, m, Ar-H), 6.37-6.35 (1H, m, Ar-H), 5.04 (1H, s, NH), 
3.92 (3H, s, ArOCH3), 1.91 (3H, s, CCH3), 1.73 (9H, s, C(CH3)3). 13C NMR (100 MHz, CDCl3): 
δ 149.8, 148.1, 135.6, 134.4, 129.1, 126.8 (q, J = 285.4 Hz), 124.9, 124.7, 123.1, 122.3, 120.8, 
118.6, 118.6, 115.0, 114.7, 109.8, 84.4, 60.6 (q, J = 27.7 Hz), 55.8, 28.3, 21.3. HRMS Calcd for 
C23H25F3N2O3: 434.18173.  Found: 434.18251. Optical rotation: [α]D20 +13.4 (c 1.00, CHCl3) for 
a 98% ee sample. Enantiomeric purity was determined by chiral HPLC analysis (OD-R, 99.7:0.3 
hexanes:i-PrOH, 254 nm; tR = 59 min (minor) and tR = 66 min (major)). 
 
  
 
 
 
 
  Fu, et al.; Supporting Information Part I; Page SI25 
2-(2-Methoxy-phenylamino)-2-phenyl-butyric acid methyl ester (21a). White solid; m. p. = 
88–90 °C.IR (neat): 3416 (br), 2954 (m), 1734 (s), 1601 (s), 1513 (s), 1457 (m), 1255 (m), 1224 
(m), 1129 (m), 1030 (m), 739 (s) cm-1. 1H NMR (CDCl3, 400 MHz): δ 7.64-7.61 (2H, m, ArH), 
7.38-7.34 (2H, m, ArH), 7.30-7.26 (1H, m, ArH), 6.79 (1H, dd, J = 8.0, 1.6 Hz, ArH), 6.56 (2H, 
dtd, J = 28.4, 9.2, 1.6 Hz, ArH), 5.98 (1H, dd, J = 7.6, 1.6 Hz, ArH), 5.95 (1H, s, NH), 3.93 (3H, 
s, COOCH3), 3.68 (3H, s, ArOCH3), 2.61-2.49 (2H, m, CH2CH3), 0.79 (3H, t, J = 8.4 Hz, 
CH2CH3). 13C NMR (CDCl3, 100 MHz): δ 174.4, 147.5, 141.0, 134.3, 128.7, 127.6, 127.2, 
120.5, 116.6, 112.9, 109.7, 66.9, 55.8, 53.1, 26.0, 8.4. Anal calcd for C18H21NO3. Calcd: C, 
72.22; H, 7.07; N, 4.68. Found: C, 72.60; H, 6.87; N, 4.56. Optical rotation: [α]D20 –32.22 
(c 0.42, CHCl3) for a 93% ee sample. Enantiomeric purity was determined by chiral HPLC 
analysis (OD, 99.7:0.3 hexanes:i-PrOH, 254 nm; tR = 48 min (minor) and tR = 55 min (major)). 
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2-(4-Methoxy-phenyl)-2-(2-methoxy-phenylamino)-butyric acid methyl ester (21e). White 
solid; m. p. = 122–125 °C. IR (neat): 3410 (br), 2954 (m), 1732 (s), 1602 (s), 1510 (s), 1456 (m), 
1299 (m), 1253 (m), 1128 (m), 1031 (m) cm-1. 1H NMR (CDCl3, 400 MHz): δ 7.54-7.50 (2H, m, 
ArH), 6.89-6.85 (2H, m, ArH), 6.78 (1H, dd, J = 8.0, 1.6 Hz, ArH), 6.61-6.51 (2H, m, ArH), 
6.01 (1H, dd, J = 7.6, 1.6 Hz, ArH), 5.90 (1H, s, NH), 3.91 (3H, s, COOCH3), 3.80 (3H, s, 
ArOCH3), 3.68 (3H, s, ArOCH3), 2.56-2.45 (2H, m, CH2CH3), 0.76 (3H, t, J = 7.6 Hz, CH2CH3). 
13C NMR (CDCl3, 100 MHz): δ 174.7, 159.0, 147.5, 134.3, 132.9, 128.4, 120.5, 116.6, 114.0, 
112.9, 109.6, 66.4, 55.8, 55.3, 53.1, 26.0, 8.5. Elemental analysis for C19H23NO4.  Calcd: C, 
69.28; H, 7.04; N, 4.25. Found C, 69.17; H, 7.12; N, 4.24. Optical rotation: [α]D20 –57.7 (c 1.20, 
CHCl3) for a 95% ee sample. Enantiomeric purity was determined by chiral HPLC analysis (OD, 
98:2 hexanes:i-PrOH, 254 nm; tR = 32 min (minor) and tR = 39 min (major)). 
 
 
 
 
 
 
 
  Fu, et al.; Supporting Information Part I; Page SI27 
2-(2-Methoxy-phenylamino)-2-(1-methyl-1H-indol-3-yl)-butyric acid methyl ester (21l). 
White solid; m. p. = 128–130 °C. IR (neat): 3417 (br), 2931 (m), 1731 (s), 1601 (s), 1511 (s), 
1456 (m), 1256 (m), 1224 (m), 1128 (m), 739 (s) cm-1. 1H NMR (CDCl3, 400 MHz): δ 7.88-7.86 
(1H, m, ArH), 7.28 (1H, s, ArH), 7.20-7.15 (2H, m, ArH), 7.04-7.00 (1H, m, ArH), 6.76 (1H, 
dd, J = 7.6, 1.6 Hz, ArH), 6.57-6.49 (2H, m, ArH), 6.38 (1H, dd, J = 7.8, 2.4 Hz, ArH), 5.86 
(1H, s, NH), 3.91 (3H, s, ArOCH3), 3.78 (3H, s, NCH3), 3.66 (3H, s, ArOCH3), 2.65-2.51 (2H, 
m, CH2CH3), 0.79 (3H, t, J = 7.8 Hz, CH2CH3). 13C NMR (CDCl3, 100 MHz): δ 175.0, 147.6, 
137.5, 135.4, 128.0, 126.4, 121.7, 121.4, 120.6, 119.4, 116.5, 115.2, 112.9, 109.7, 109.2, 64.1, 
55.8, 52.9, 33.1, 27.0, 8.2. Elemental Analysis for C21H24N2O3. Calcd: C, 71.57; H, 6.86; N, 
7.95. Found: C, 71.40; H, 6.76; N, 7.77. Optical rotation: [α]D20 –18.7 (c 0.50, CHCl3) for a 91% 
ee sample.  Enantiomeric purity was determined by chiral HPLC analysis (OD, 98:2 hexanes:i-
PrOH, 254 nm; tR = 52 min (minor) and tR = 57 min (major)). 
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3-[1-Methoxycarbonyl-1-(2-methoxy-phenylamino)-propyl]-indole-1-carboxylic acid tert-
butyl ester (21m). Colorless oil; IR (neat): 3410 (br), 2954 (m), 1733 (s), 1511 (s), 1454 (m), 
1373 (s), 1252 (m), 1220 (m), 1156 (m) cm-1. 1H NMR (CDCl3, 400 MHz): δ 8.06 (1H, d, J = 7.2 
Hz, ArH), 7.84-7.81 (1H, m, ArH), 7.77 (1H, s, ArH), 7.26-7.21 (1H, m, ArH), 7.12-7.08 (1H, 
m, ArH), 6.75-6.73 (1H, m, ArH), 6.58-6.50 (2H, m, ArH), 6.42-6.40 (1H, m, ArH), 5.90 (1H, s, 
NH), 3.91 (3H, s, ArOCH3), 3.67 (3H, s, ArOCH3), 2.67-2.60 (1H, m, CH2CH3), 2.48-2.41 (1H, 
m, CH2CH3), 1.70 (9H, s, OC(CH3)3), 0.81 (3H, t, J = 7.6 Hz, CH2CH3). 13C NMR (CDCl3, 100 
MHz): δ 174.1, 147.7, 135.0, 128.9, 124.5, 124.3, 122.9, 122.1, 121.3, 120.8, 117.0, 115.0, 
112.7, 109.8, 84.1, 63.6, 55.8, 53.2, 28.4, 26.7, 8.0. HRMS Calcd for C25H30N2O5Na (M+Na): 
461.2052. Found: 461.2062; Optical rotation: [α]D20 +14.7 (c = 0.24, CHCl3) for a 96% ee 
sample.  Enantiomeric purity was determined by chiral HPLC analysis (OD, 99.7:0.3 hexanes:i-
PrOH, 254 nm; tR 46 = min (minor) and tR = 51 min (major)). 
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Representative procedure for Zr-catalyzed asymmetric alkylation of alkyl-substituted α-
ketoimine esters.  A flame-dried 25 mL round bottom flask, charged with azide 24 (60.0 mg, 
0.400 mmol), was purged with N2 for 5–10 min.  The vessel was allowed to cool to 0 °C, and 
was charged with CH2Cl2 (10.0 mL) followed by PMe3 (400 μL of a 1.0 M THF solution, 0.400 
mmol).  The resulting mixture was allowed to stir for 30 min at 22 °C (until N2 evolution 
ceases).  α-Ketoester (2-oxo-4-phenylbutyric acid ethyl ester, see entry 3, Table 10, 82.5 mg, 
0.400) was added, and the solution was allowed to stir for an additional 1 h at 22 °C before 
addition of 30.0 mL H2O.  After removal of the organic layer, the aqueous layer was washed 
with CH2Cl2 (3 x 8 mL).  The combined organic layers were dried (MgSO4), filtered, and 
concentrated in vacuo.  The identity and purity level of α-ketoimine ester was analyzed by 1H 
NMR and used directly in the alkylation reaction.  The vessel containing the α-ketoimine ester 
was charged with ligand 16 (21.6 mg, 40.0 μmol), and taken into a glove box (under a N2 
atmosphere), after which the reaction vessel was charged with Zr(Oi-Pr)4•HOi-Pr (15.6 mg, 40.0 
μmol in 400.0 μL toluene), and toluene (1.49 mL).  The mixture was allowed to stir for 5 min, 
and the vessel was sealed with a septum and Teflon tape before being removed from the glove 
box.  The solution was allowed to cool to –78 °C (dry ice/acetone), and Me2Zn (110 μL, 1.60 
mmol) was introduced through a syringe, and the resulting mixture was allowed to stir for 24 h at 
4 °C before addition of 10.0 mL of a saturated solution of NH4Cl.  After removal of the organic 
layer, the aqueous layer was washed with Et2O (3x15 mL).  The combined organic layers were 
concentrated in vacuo and the resulting white solid residue was purified by silica gel 
chromatography (30:1 hexanes:EtOAc) to afford 26c as a colorless solid (71.2 mg, 0.210 mmol, 
52% yield).   
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2-(2-Methoxy-phenylamino)-2-methyl-pentanoic acid methyl ester (26a). Colorless oil; IR 
(neat): 3408 (br), 2959 (m), 2873 (m), 1732 (s), 1602 (m), 1514 (s), 1457 (m), 1432 (m), 1251 
(m), 1224 (m), 1148 (m), 1184 (m), 1030 (m), 738 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 6.79-
6.75 (2H, m, Ar-H), 6.69-6.64 (1H, m, Ar-H), 6.46-6.44 (1H, m, Ar-H), 4.72 (1H, s, NH), 3.84 
(3H, s, COOCH3), 3.70 (3H, s, ArOCH3), 1.92-1.88 (2H, m, CH2CH2), 1.55 (3H, s, CCH3), 
1.35-1.28 (2H, m, CH2CH3), 0.92 (3H, t, J = 7.2 Hz, CH2CH3). 13C NMR (100 MHz, CDCl3): δ 
176.7, 147.4, 135.4, 121.0, 117.1, 112.0, 109.8, 60.2, 55.6, 52.5, 41.6, 22.9, 17.2, 14.4. HRMS 
Calcd for C14H22NO3 (M+H): 252.15997.  Found: 252.16011. Optical rotation: [α]D20 +2.4 
(c 0.44, CHCl3) for a 92% ee sample. Enantiomeric purity was determined by chiral HPLC 
analysis (OD, 98:2 hexanes:i-PrOH, 254 nm; tR = 32 min (minor) and tR = 35 min (major)). 
 
  Fu, et al.; Supporting Information Part I; Page SI31 
2-(2-Methoxy-phenylamino)-2-methyl-hept-6-enoic acid methyl ester (26b). Colorless oil; IR 
(neat): 3413 (br), 3075 (m), 2950 (m), 2873 (m), 1732 (s), 1603 (s), 1514 (m), 1457 (m), 1225 
(m), 1122 (m), 1184 (m), 1030 (m), 912 (s), 738 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 6.79-
6.75 (2H, m, Ar-H), 6.70-6.65 (1H, m, Ar-H), 6.47-6.45 (1H, m, Ar-H), 5.78-5.71 (1H, m, 
CH2=CH), 5.02-4.93 (2H, m, CH=CH2), 4.76 (1H, s, NH), 3.84 (3H, s, COOCH3), 3.71 (3H, s, 
ArOCH3), 2.07-2.02 (2H, m, CH2CH2), 1.96-1.92 (2H, m, CH2CH2), 1.55 (3H, s, CCH3), 1.44-
1.36 (2H, m, CH2CH2). 13C NMR (100 MHz, CDCl3): δ 176.6, 147.5, 138.3, 135.2, 121.0, 117.3, 
115.1, 112.1, 109.8, 60.3, 55.6, 52.5, 38.6, 33.8, 23.1, 23.0. HRMS Calcd for C16H24NO3 (M+H): 
278.17476.  Found: 278.17562. Optical rotation: [α]D20 –3.4 (c 0.57, CHCl3) for a 86% ee 
sample. Enantiomeric purity was determined by chiral HPLC analysis (OD, 98:2 hexanes:i-
PrOH, 254 nm; tR = 34 min (minor) and tR = 38 min (major)). 
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2-(2-Methoxy-phenylamino)-2-methyl-4-phenyl-butyric acid ethyl ester (26c). Colorless oil; 
IR (neat): 3411 (br), 2937 (m), 1728 (s), 1601 (s), 1514 (m), 1455 (m), 1223 (m), 1182 (m), 666 
(s) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.30-7.26 (2H, m, Ar-H), 7.21-7.19 (1H, m, Ar-H), 
7.14-7.12 (2H, m, Ar-H), 6.83-6.80 (2H, m, Ar-H), 6.74-6.72 (1H, m, Ar-H), 6.62-6.59 (1H, m, 
Ar-H), 4.94 (1H, s, NH), 4.22 (2H, td, J = 7.2, 1.6 Hz, COOCH2CH3), 3.88 (3H, s, ArOCH3), 
2.64-2.57 (2H, m, CH2CH2), 2.33-2.28 (2H, m, CH2CH2), 1.65 (3H, s, CCH3), 1.25 (3H, t, J = 
7.2 Hz, OCH2CH3). 13C NMR (100 MHz, CDCl3): δ 175.8, 147.6, 141.7, 135.4, 128.5, 126.0, 
120.9, 117.4, 112.4, 109.8, 61.4, 60.4, 55.6, 40.3, 30.4, 23.1, 23.6, 14.3. HRMS Calcd for 
C20H26NO3 (M+H): 328.19127.  Found: 328.19111. Optical rotation: [α]D20 –3.82 (c 0.82, 
CHCl3) for a 86% ee sample. Enantiomeric purity was determined by chiral HPLC analysis (OD, 
98:2 hexanes:i-PrOH, 254 nm; tR = 43 min (minor) and tR = 48 min (major)). 
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2-(2-Methoxy-phenylamino)-2,4-dimethyl-pentanoic acid methyl ester (26d). Colorless oil; 
IR (neat): 3409 (br), 2955 (m), 1733 (s), 1603 (s), 1514 (m), 1461 (m), 1254 (m), 1224 (m), 1148 
(m), 1120 (m), 1030 (m), 737 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 6.80-6.76 (2H, m, Ar-H), 
6.68-6.64 (1H, m, Ar-H), 6.50-6.48 (1H, m, Ar-H), 4.91 (1H, s, NH), 3.84 (3H, s, COOCH3), 
3.71 (3H, s, ArOCH3), 1.98-1.84 (2H, m, CH2CH), 1.78-1.75 (1H, m, CH(CH3)2), 1.56 (3H, s, 
CCH3), 0.90 (6H, t, J = 6.0 Hz, CH(CH3)2). 13C NMR (100 MHz, CDCl3): δ 177.0, 147.5, 135.5, 
121.0, 117.0, 112.0, 109.8, 60.2, 55.6, 52.4, 48.2, 24.3, 24.2, 23.9, 23.3. HRMS Calcd for 
C15H24NO3(M+H): 266.17562.  Found: 266.17587. Optical rotation: [α]D20 +3.5 (c 0.40, CHCl3) 
for a 87% ee sample. Enantiomeric purity was determined by chiral HPLC analysis (OD, 98:2 
hexanes:i-PrOH, 254 nm; tR = 28 min (minor) and tR = 34 min (major)). 
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2-(2-Methoxy-phenylamino)-2,3-dimethyl-butyric acid ethyl ester (26e). Colorless oil; IR 
(neat): 2963 (m), 1729 (s), 1602 (s), 1514 (m), 1456 (m), 1259 (m), 1223 (m), 1120 (m), 1029 
(m) cm-1. 1H NMR (400 MHz, CDCl3): δ 6.78-6.74 (2H, m, Ar-H), 6.68-6.65 (1H, m, Ar-H), 
6.53-6.51 (1H, m, Ar-H), 4.70 (1H, s, NH), 4.19-4.12 (2H, m, COOCH2CH3), 3.84 (3H, s, 
ArOCH3), 2.25-2.20 (1H, m, CH(CH3)2), 1.46 (3H, s, CCH3), 1.17 (3H, t, J = 6.8 Hz, 
COOCH2CH3), 1.06 (3H, d, J = 6.8 Hz, CH(CH3)2), 0.96 (3H, d, J = 6.8 Hz, CH(CH3)2). 13C 
NMR (100 MHz, CDCl3): δ 175.7, 147.6, 135.8, 120.9, 117.2, 112.3, 109.8, 61.0, 55.7, 36.7, 
29.8, 17.8, 17.2, 17.1, 14.3. HRMS Calcd for C15H24NO3 (M+H): 266.17562.  Found: 266.17587. 
Optical rotation: [α]D20 +12.2 (c 0.12, CHCl3) for a 82% ee sample. Enantiomeric purity was 
determined by chiral HPLC analysis (OD, 98:2 hexanes:i-PrOH, 254 nm; tR = 29 min (minor) 
and tR = 36 min (major)). 
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2-Cyclohexyl-2-(2-methoxy-phenylamino)-propionic acid methyl ester (26f). Colorless oil; 
IR (neat): 2930 (m), 2854 (m), 1731 (s), 1602 (s), 1513 (m), 1455 (m), 1222 (m) cm-1. 1H NMR 
(400 MHz, CDCl3): δ 6.78-6.74 (2H, m, Ar-H), 6.68-6.64 (1H, m, Ar-H), 6.47-6.44 (1H, m, Ar-
H), 4.71 (1H, s, NH), 3.85 (3H, s, COOCH3), 3.68 (3H, s, ArOCH3), 1.88-1.72 (3H, m, 
CH(CH2)2), 1.69-1.56 (2H, m, (CH2)2CH2), 1.47 (3H, s, CCH3), 1.32-1.10 (6H, m, 
(CH2)(CH2)3). 13C NMR (100 MHz, CDCl3): δ 176.4, 147.6, 135.6, 121.0, 117.1, 111.9, 109.7, 
63.4, 55.6, 52.3, 47.2, 28.1, 27.2, 26.8, 26.7, 26.6, 17.9. HRMS Calcd for C17H26NO3 (M+H): 
292.19127.  Found: 292.19162. Optical rotation: [α]D20 +20.3 (c 0.22, CHCl3) for a 83% ee 
sample. Enantiomeric purity was determined by chiral HPLC analysis (OD, 98:2 hexanes:i-
PrOH, 254 nm; tR = 29 min (minor) and tR = 35 min (major)). 
 
 
 
 
 
 
 
  Fu, et al.; Supporting Information Part I; Page SI36 
1-(2-Methoxy-phenyl)-2-methyl-5-oxo-pyrrolidine-2-carboxylic acid methyl ester (26g). 
Colorless oil; IR (neat): 1737 (m), 1705 (m), 1503 (s), 1455 (m), 1367 (m), 1260 (m) cm-1. 1H 
NMR (400 MHz, CDCl3): δ 7.32-7.28 (1H, m, Ar-H), 7.16-7.13 (1H, m, Ar-H), 6.98-6.94 (2H, 
m, Ar-H), 3.77 (3H, s, COOCH3), 3.77 (3H, s, ArOCH3), 2.85-2.76 (1H, m, CH2CHH), 2.57-
2.45 (2H, m, CH2CH2), 2.13-2.05 (1H, m, CH2CHH), 1.37 (3H, s, CCH3). 13C NMR (100 MHz, 
CDCl3): δ 175.7, 174.3, 156.0, 130.1, 129.7, 124.9, 121.1, 112.1, 67.6, 55.7, 52.6, 33.4, 30.5, 
22.3.  HRMS Calcd for C14H18NO4 (M+H): 264.12358.  Found: 264.12468. Optical rotation: 
[α]D20 +18.8 (c 0.51, CHCl3) for a 79% ee sample. Enantiomeric purity was determined by chiral 
HPLC analysis (OD, 92:8 hexanes:i-PrOH, 220 nm) tR = 61 min (minor) and tR = 87 min 
(major). 
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Representative procedure for oxidative removal of an N-aryl group.  A flame-dried three 
neck round bottom flask was purged with N2 and charged with PhI(OAc)2 (515 mg, 1.60 mmol) 
and MeOH (13.0 mL).  The homogeneous solution was allowed to cool to 0 °C.  A solution of 
amine 6a (114 mg, 0.400 mmol) in MeOH:CH2Cl2 (3 mL:13 mL) was added slowly over 30 min, 
and the resulting orange mixture was allowed to stir at 22 °C for 24 h.  At this time, HCl (1.0 M, 
6.0 mL) was added, and the solution was allowed to stir for an additional 2 h.  The aqueous 
solution was washed with CH2Cl2 (3 x 15 mL), and the combined organic layers were back-
extracted with HCl (1 M, 25 mL).  The aqueous layers were combined and brought to pH=10 
with solid Na2CO3.  The aqueous layer was washed with CH2Cl2 (5x15 mL), and the organic 
layers were combined, dried (MgSO4), filtered and concentrated in vacuo.  Impurities were 
removed by Kugelrohr distillation to afford 27 as a colorless oil (52.6 mg, 0.292 mmol, 74% 
yield).  
2-Amino-2-phenyl-propionic acid methyl ester (27). Colorless oil; IR (neat): 2926 (m), 1731 
(s), 1446 (m), 1242 (m), 1074 (br) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.49-7.47 (2H, m, Ar-
H), 7.37-7.33 (2H, m, Ar-H), 7.30-7.28 (1H, m, Ar-H), 3.71 (3H, s, COOCH3), 1.92 (2H, b, 
CNH2), 1.70 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 176.8, 144.2, 128.6, 127.6, 125.2, 
60.8, 52.7, 27.6. HRMS Calcd for C10H14NO2 (M+H): 180.10245; found: 180.10307. Optical 
rotation: [α]D20 3.96 (c 0.32, CHCl3) for a 99% ee sample.  
(R)-1,1,1-Trifluoro-2-phenylpropan-2-aminium chloride (28). White Salt; IR (neat): 2808 
(br), 1580 (m), 1528 (s), 1204 (m), 1169 (m), 1125 (m), 767 (s), 700 (s) cm-1. 1H NMR (400 
MHz, CDCl3): δ 9.98 (3H, br, N+H3), 7.65 (2H, d, J = 8.0 Hz, Ar-H), 7.47-7.42 (3H, m, Ar-H), 
2.08 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 131.8, 130.2, 129.2, 126.8, 124.3 (q, J = 
283.1 Hz), 61.8 (q, J = 30.4 Hz), 19.6. HRMS Calcd for C9H11F3N (M+H): 190.08436.  Found: 
190.08448. Optical rotation: [α]D20 –21.7 (c 0.40, CHCl3) for a >98% ee sample. 
2-Amino-2-methyl-4-phenyl-butyric acid ethyl ester (29). Colorless oil; IR (neat): 2955 (s), 
2922 (s), 2852 (s), 1734 (m), 1458 (m), 1245 (br), 1107 (br) cm-1. 1H NMR (400 MHz, CDCl3): δ 
7.30-7.26 (3H, m, Ar-H), 7.20-7.16 (2H, m, Ar-H), 4.20-4.14 (2H, m, COOCH2CH3), 2.71-2.63 
(1H, m, CH2CH2), 2.56-2.48 (1H, m, CH2CH2), 2.08-2.00 (1H, m, CH2CH2), 1.92-1.84 (1H, m, 
CH2CH2), 1.67 (2H, b, CNH2), 1.38 (3H, s, CCH3), 1.29 (3H, t, J = 6.0 Hz, COOCH2CH3). 13C 
NMR (100 MHz, CDCl3): δ 177.6, 141.8, 128.6, 128.5, 126.1, 61.2, 57.8, 43.0, 30.9, 26.7, 14.4. 
HRMS Calcd for C13H20NO2 (M+H): 222.14940.  Found: 222.14924. Optical rotation: [α]D20 –
13.2 (c 0.55, CHCl3) for a 87% ee sample. 
2-[Allyl-(2-methoxy-phenyl)-amino]-2-methyl-hept-6-enoic acid methyl ester. An oven-dried 
10 mL round bottom flask was charged with amine 26b (42.4 mg, 0.153 mmol) and K2CO3 (63.4 
mg, 0.459 mmol), and purged with N2 for 5-10 min.  Dimethylformamide (1.53 mL) was added, 
followed by freshly distilled allyl iodide (154 mg, 84.2 μL, 0.917 mmol).  The mixture was 
allowed to heat to 110 °C (oil bath) and stir for 16 h before addition of 3.0 mL of a saturated 
solution of NH4Cl.  After removal of the organic layer, the aqueous layer was washed with Et2O 
  Fu, et al.; Supporting Information Part I; Page SI38 
(5 x 5 mL).  The organic layers were combined, dried (MgSO4), filtered and concentrated in 
vacuo, and the resulting residue was purified by silica gel chromatography (30:1 
hexanes:EtOAc) to afford N-allyl 26b as a colorless oil (44.5 mg, 0.140 mmol, 92% yield). IR 
(neat): 2948 (m), 1728 (s), 1495 (m), 1463 (m), 1248 (m), 1114 (m), 751 (s) cm-1. 1H NMR (400 
MHz, CDCl3): δ 7.16-7.09 (2H, m, Ar-H), 6.85-6.80 (2H, m, Ar-H), 5.83-5.63 (2H, m, 
CH=CH2, CH=CH2), 5.02-4.91 (3H, m, CH=CH2, CH=CH2), 4.81-4.77 (1H, m, CH=CH2), 3.76 
(3H, s, COOCH3), 3.86-3.73 (2H, m, CH2CH2), 3.72 (3H, s, ArOCH3), 2.05-1.99 (2H, m, 
CH2CH2), 1.78-1.72 (2H, m, CH2CH2), 1.62-1.55 (1H, m, CCH2), 1.34-1.26 (1H, m, CCH2), 
1.19 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 175.9, 158.6, 138.9, 138.1, 135.7, 132.4, 
126.7, 120.1, 114.9, 114.6, 111.3, 65.6, 55.2, 52.5, 51.4, 37.1, 34.2, 23.4, 21.8. HRMS Calcd for 
C19H28NO3 (M+H): 318.20692.  Found: 318.20790. Optical rotation: [α]D20 +11.7 (c 1.00, 
CHCl3) for a 86% ee sample. 
1-(2-Methoxy-phenyl)-2-methyl-1,2,3,4,5,8-hexahydro-azocine-2-carboxylic acid methyl 
ester (31). An oven-dried 10 mL round bottom flask was charged with N-allyl derivative of 26b 
(63.5 mg, 0.200 mmol), CH2Cl2 (5.00 mL), and Ru carbene 30 (2.20 mg, 4.00 μmol, in 100 μL 
of CH2Cl2) under a N2 atmosphere.  The solution was allowed heat to 40 °C (oil bath) and stir for 
5 h.  After 5 h, the solution was allowed to cool to 22 °C, after which the mixture was 
concentrated in vacuo.  The resulting residue was purified by silica gel chromatography (20:1 
hexanes:EtOAc) to afford oxacene 31 as a colorless oil (50.8 mg, 0.176 mmol, 88% yield). IR 
(neat): 2949 (m), 1728 (s), 1499 (s), 1457 (m), 1248 (m), 1186 (m), 1107 (m) cm-1. 1H NMR 
(400 MHz, CDCl3): δ 7.05-6.98 (2H, m, Ar-H), 6.85-6.78 (2H, m, Ar-H), 5.72-5.64 (1H, m, 
CH=CH), 5.56-5.52 (1H, m, CH=CH), 4.74 (1H, dd, J = 20.4, 2.4 Hz, NCH2), 3.71 (3H, s, 
COOCH3), 3.70 (3H, s, ArOCH3), 3.58 (1H, d, J = 20.4 Hz, NCH2), 3.28 (1H, b, CH2CH2), 
2.43-2.35 (1H, m, CH2CH2), 1.99-1.85 (2H, m, CH2CH2), 1.58-1.49 (2H, m, CH2CH2), 1.26 
(3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 177.2, 155.8, 140.0, 133.4, 127.3, 125.5, 124.4, 
120.7, 111.5, 64.0, 55.3, 55.1, 51.4, 33.0, 24.7, 22.6, 21.1. HRMS Calcd for C17H24NO3: 
290.17562.  Found: 290.17468. Optical rotation: [α]D20 –57.4 (c 0.82, CHCl3) for a 86% ee 
sample. 
2-(2-Methoxy-phenylamino)-2-phenyl-propionaldehyde (32). A flame-dried 25 mL round 
bottom flask was charged with 6a (57.1 mg, 0.200 mmol) and was purged with N2 for 5-10 min.  
Toluene (4.0 mL) was added, and the resulting homogeneous solution was allowed to cool to –78 
°C (dry ice/acetone).  Diisobutylaluminum hydride (72.0 μL, 0.400 mmol) was added through a 
syringe, and the solution was allowed to stir for 1.5 h at -78 °C before the addition of MeOH (5.0 
mL) at -78 °C.  The resulting mixture was allowed to warm to 22 °C, and and 10.0 mL of a 
saturated solution of was added.  After removal of the organic layer, the aqueous layer was 
washed with CH2Cl2 (4x15 mL), and the combined organic layers were washed with brine, dried 
(MgSO4), filtered and concentrated in vacuo.  The resulting residue was purified by silica gel 
chromatography (8:1 hexanes:EtOAc) to afford 32 as a white solid (51.2 mg, 0.200 mmol, >99% 
yield).  m. p. = 81–83 °C. IR (neat): 3404 (s), 3062 (m), 2936 (m), 2834 (m), 1726 (s), 1602 (s), 
1513 (m), 1491 (m), 1455 (m), 1455 (m), 1254 (m), 1229 (m), 1179 (m), 1114 (m), 1028 (m), 
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887 (m), 741 (s), 700 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 9.38 (1H, s, CCOH), 7.52-7.48 
(2H, m, Ar-H), 7.43-7.39 (2H, m, Ar-H), 7.35-7.31 (1H, m, Ar-H), 6.81 (1H, dd, J = 7.6, 1.6 Hz, 
Ar-H), 6.66-6.58 (2H, m, Ar-H), 6.10 (1H, dd, J = 7.6, 1.6 Hz, Ar-H), 5.75 (1H, s, NH), 3.92 
(3H, s, ArOCH3), 1.84 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 197.5, 147.6, 138.1, 
134.3, 129.3, 128.2, 127.4, 120.7, 117.1, 113.3, 109.8, 66.1, 55.7, 20.3. Elemental analysis for 
C16H17NO2, Calcd: C, 75.27; H, 6.71; N, 5.49; found: C, 75.08; H, 6.92; N, 5.25. Optical 
rotation: [α]D20 –130.0 (c 1.00, CHCl3) for a >98% ee sample.  
4-(2-Methoxy-phenylamino)-4-phenyl-pent-2-enoic acid ethyl ester (33). A flame-dried 25 
mL round bottom flask was charged with triethyl phosphonoacetate (51.6 mg, 0.230 mmol) and 
THF (2.0 mL).  The solution was allowed to cool to 0 °C (ice bath) and NaH (17.4 mg, 0.440 
mmol, 60% in oil) added.  The solution was allowed to warm to 22 °C over 30 min before the 
addition of aldehyde 32 (52.0 mg, 0.200 mmol).  The solution was allowed to stir for 12 h before 
addition of 10.0 ml of a saturated solution of NH4Cl.  After removal of the organic layer, the 
aqueous layer was washed with CH2Cl2 (3 x 5 mL).  The combined organic layers were treated 
with brine (1x5 mL), dried (MgSO4), filtered and concentrated in vacuo, and the resulting 
residue was purified by silica gel chromatography (5:1 hexanes:EtOAc) to afford 33 as a white 
solid (56.4 mg, 0.174 mmol, 87% yield). m. p. = 100–102 °C. IR (neat): 2979 (m), 1716 (s), 
1601 (s), 1510 (m), 1456 (m), 1288 (m), 1224 (m), 1177 (m), 1029 (m), 739 (s), 700 (s) cm-1. 1H 
NMR (400 MHz, CDCl3): δ 7.50-7.46 (2H, m, Ar-H), 7.36-7.32 (2H, m, Ar-H), 7.28-7.24 (1H, 
m, Ar-H), 6.78 (1H, dd, J = 8.0, 1.6 Hz, Ar-H), 6.63-6.53 (2H, m, Ar-H), 6.06 (1H, dd, J = 7.6, 
1.6 Hz, Ar-H), 6.04 (1H, s, CH=CH), 6.00 (1H, s, CH=CH), 4.91 (1H, s, NH), 4.19 (2H, qd, J = 
7.2, 1.2 Hz, OCH2CH3), 3.89 (3H, s, ArOCH3), 1.75 (3H, s, CCH3), 1.28 (3H, t, J = 7.2 Hz, 
OCH2CH3). 13C NMR (100 MHz, CDCl3): δ 166.9, 151.7, 147.3, 143.9, 134.6, 128.9, 127.2, 
126.3, 120.6, 120.5, 116.9, 114.5, 109.6, 60.6, 59.6, 55.6, 30.2, 14.4. Elemental analysis for 
C20H23NO3: Calcd: C, 73.82; H, 7.12; N, 4.30.  Found: C, 73.55; H, 7.11; N, 4.21. Optical 
rotation: [α]D20 –69.4 (c 1.00, CHCl3) for a >98% ee sample.  
2-(2-Methoxy-phenylamino)-2-phenyl-propan-1-ol (34). A flame-dried 25 mL round bottom 
flask was charged with 6a (143 mg, 0.500 mmol) and lithium aluminum hydride (38.0 mg, 1.00 
mmol) and subsequently purged with N2 for 20 min.  The vessel was allowed to cool to 0 °C (ice 
bath), and THF (10.0 mL) was added.  The resulting mixture was allowed to stir for 4 h and 
allowed to warm to 22 °C before addition of 20.0 mL of a saturated solution of NH4Cl.  After 
removal of the organic layer, the aqueous layer was washed with CH2Cl2 (4 x 15 mL).  The 
organic layers were combined, dried (MgSO4), filtered and concentrated in vacuo, and the 
resulting residue was purified by silica gel chromatography (5:1 hexanes:EtOAc) to afford 34 as 
a white solid (128 mg, 0.500 mmol, >99% yield).  m. p. = 99–101 °C. IR (neat): 3396 (br), 1601 
(s), 1510 (m), 1454 (m), 1250 (m), 1223 (m), 1026 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 
7.47-7.44 (2H, m, Ar-H), 7.37-7.33 (2H, m, Ar-H), 7.29-7.25 (1H, m, Ar-H), 6.79 (1H, dd, J = 
7.6, 1.6 Hz, Ar-H), 6.64-6.53 (2H, m, Ar-H), 6.07 (1H, dd, J = 8.0, 1.6 Hz, Ar-H), 5.16 (1H, b, 
NH), 3.90 (3H, s, ArOCH3), 3.88-3.74 (2H, m, CCH2), 1.72 (1H, s, OH), 1.70 (3H, s, CCH3). 
13C NMR (100 MHz, CDCl3): δ 147.7, 143.8, 135.3, 128.8, 127.1, 126.5, 120.6, 116.8, 114.2, 
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109.6, 71.1, 59.5, 55.6, 23.4. HRMS Calcd for C16H20NO2 (M+H). Calcd: 258.14940.  Found: 
258.14966. Optical rotation: [α]D20 +39.1 (c 1.50, CHCl3) for a >98% ee sample. 
1-(2-Methoxy-phenyl)-2-methyl-2-phenyl-aziridine (35). A flame-dried 10 mL round bottom 
flask was charged with amino alcohol 34 (51.5 mg, 0.200 mmol) and CH2Cl2 (2.0 mL).  The 
solution was allowed to cool to 0 °C (ice bath) and Et3N (56.0 μL, 0.300) added.  The resulting 
mixture was allowed to stir for 5 min before the addition of MsCl (24.0 μL, 0.300 mmol).  The 
solution was allowed to warm to 22 °C and stir for 3 h before the addition of 20.0 mL of a 
saturated solution of NaHCO3.  After removal of the organic layer, the aqueous layer was 
washed with CH2Cl2 (3 x 5 mL).  The combined organic layers were washed with brine (1 x 10 
mL), dried (MgSO4), filtered and concentrated under reduced pressure to yield crude OMs-34.  
Dimethylforamide (4.0 mL and K2CO3 (84.0 mg, 0.600 mg) were added to the round bottom 
flask containing OMs-34; the resulting mixture was allowed to stir at 22 °C for 12 h before the 
addition of H2O (8.0 mL) and Et2O (15 mL).  After removal of the organic layer, the aqueous 
layer was washed with CH2Cl2 (3 x 5 mL).  The combined organic layers were washed with 
brine (10 mL), dried (MgSO4), filtered, and concentrated in vacuo.  The resulting residue was 
purified by silica gel chromatography (20:1 hexanes:EtOAc with 5% Et3N) to afford 35 as a 
colorless oil (35.3 mg, 0.148 mmol, 74% yield).  IR (neat): 3059 (m), 2926 (m), 2834 (m), 1592 
(s), 1497 (m), 1455 (m), 1376 (m), 1241 (m), 1222 (m), 1029 (m), 766 (m), 749 (m), 699 (m) cm-
1. 1H NMR (400 MHz, CDCl3): δ 7.64-7.62 (2H, m, Ar-H), 7.38-7.34 (2H, m, Ar-H), 7.28-7.26 
(1H, m, Ar-H), 6.99-6.96 (1H, m, Ar-H), 6.92-6.85 (3H, m, Ar-H), 3.81 (3H, s, ArOCH3), 2.54 
(1H, s, NCH2), 2.27 (1H, s, NCH2), 1.38 (3H, s, CCH3). 13C NMR (100 MHz, CDCl3): δ 153.3, 
143.9, 139.4, 128.2, 126.9, 126.7, 122.6, 120.9, 120.8, 110.8, 55.3, 44.2, 40.9, 19.3. HRMS calcd 
for C16H18NO (M+H): 240.13884, found: 240.13947. Optical rotation: [α]D20 –239.7 (c 0.51, 
CHCl3) for a >98% ee sample. Elemental analysis for C20H17NO3. Calcd: C, 80.30; H, 7.16; N, 
5.85.  Found: C, 79.97; H, 7.21; N, 5.58. 
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X-ray crystal structure of α-ketoimine ester 2a 
O
OMe
2a
N
MeO
 
Table 1. Crystal data and structure refinement 
Identification code  peng01t 
Empirical formula  C16H15NO3 
Formula weight  269.29 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  triclinic 
Space group  P -1 
Unit cell dimensions a = 8.4060(16) Å α= 99.208(3)° 
 b = 8.9678(17) Å β= 101.481(3)° 
 c = 9.7905(19) Å γ = 90.237(3)° 
Volume 713.5(2) Å3 
Z 2 
Density (calculated) 1.254 mg/m3 
Absorption coefficient 0.087 mm-1 
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F(000) 284 
Crystal size 0.20 x 0.10 x 0.10 mm3 
Theta range for data collection 2.15 to 25.00° 
Index ranges –8<=h<=9, –10<=k<=10, –11<=l<=6 
Reflections collected 3823 
Independent reflections 2487 [R(int) = 0.0645] 
Completeness to theta = 25.00° 99.0 %  
Absorption correction None 
Max. and min. transmission 0.9913 and 0.9828 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2487/0/183 
Goodness-of-fit on F2 1.101 
Final R indices [I>2sigma(I)] R1 = 0.0562, wR2 = 0.1305 
R indices (all data) R1 = 0.0720, wR2 = 0.1402 
Largest diff. peak and hole 0.257 and –0.269 e.Å-3 
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Table 2. Atomic Coordinates (x104) and Equivalent Isotropic Displacement 
Parameters (Å2x103).  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor 
___________________________________________________________________________ 
 x y z U(eq) 
___________________________________________________________________________ 
O(1) 3118(2) 10675(2) 9806(2) 40(1) 
N(1) 4016(2) 9747(2) 6996(2) 28(1) 
O(2) 2713(2) 12812(2) 8896(2) 53(1) 
O(3) 4309(2) 6855(2) 7189(2) 44(1) 
C(3) 4352(2) 10954(2) 7890(2) 27(1) 
C(10) 2573(3) 8856(2) 6874(2) 28(1) 
C(4) 5854(2) 11870(2) 7946(2) 28(1) 
C(11) 1033(3) 9420(3) 6598(2) 34(1) 
C(15) 2750(3) 7305(2) 6903(2) 32(1) 
C(9) 6552(3) 11780(2) 6764(2) 31(1) 
C(2) 3298(3) 11599(2) 8919(2) 32(1) 
C(8) 8009(3) 12568(2) 6856(2) 36(1) 
C(14) 1379(3) 6357(3) 6666(2) 40(1) 
C(5) 6614(3) 12746(3) 9211(2) 38(1) 
C(12) -336(3) 8457(3) 6343(2) 41(1) 
C(7) 8762(3) 13417(3) 8118(3) 42(1) 
C(13) -155(3) 6945(3) 6388(2) 43(1) 
C(6) 8073(3) 13514(3) 9292(3) 48(1) 
C(1) 2110(3) 11206(3) 10819(3) 50(1) 
C(16) 4556(4) 5267(3) 7083(4) 66(1) 
___________________________________________________________________________
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Table 3. Bond Lengths [Å] and Angles [°] 
_________________________________________________ 
O(1)-C(2)  1.321(3) 
O(1)-C(1)  1.455(3) 
N(1)-C(3)  1.271(3) 
N(1)-C(10)  1.423(3) 
O(2)-C(2)  1.197(3) 
O(3)-C(15)  1.361(3) 
O(3)-C(16)  1.431(3) 
C(3)-C(4)  1.490(3) 
C(3)-C(2)  1.519(3) 
C(10)-C(11)  1.384(3) 
C(10)-C(15)  1.403(3) 
C(4)-C(5)  1.389(3) 
C(4)-C(9)  1.389(3) 
C(11)-C(12)  1.393(3) 
C(11)-H(11)  0.9500 
C(15)-C(14)  1.388(3) 
C(9)-C(8)  1.391(3) 
C(9)-H(9)  0.9500 
C(8)-C(7)  1.375(3) 
C(8)-H(8)  0.9500 
C(14)-C(13)  1.388(3) 
C(14)-H(14)  0.9500 
C(5)-C(6)  1.387(3) 
C(5)-H(5)  0.9500 
C(12)-C(13)  1.372(3) 
C(12)-H(12)  0.9500 
C(7)-C(6)  1.378(4) 
C(7)-H(7)  0.9500 
C(13)-H(13)  0.9500 
C(6)-H(6)  0.9500 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
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C(2)-O(1)-C(1) 115.73(18) 
C(3)-N(1)-C(10) 121.85(18) 
C(15)-O(3)-C(16) 117.49(19) 
N(1)-C(3)-C(4) 119.74(19) 
N(1)-C(3)-C(2) 124.87(18) 
C(4)-C(3)-C(2) 115.36(18) 
C(11)-C(10)-C(15) 119.56(19) 
C(11)-C(10)-N(1) 123.09(18) 
C(15)-C(10)-N(1) 117.04(18) 
C(5)-C(4)-C(9) 119.82(19) 
C(5)-C(4)-C(3) 119.67(19) 
C(9)-C(4)-C(3) 120.39(19) 
C(10)-C(11)-C(12) 120.4(2) 
C(10)-C(11)-H(11) 119.8 
C(12)-C(11)-H(11) 119.8 
O(3)-C(15)-C(14) 124.90(19) 
O(3)-C(15)-C(10) 115.43(18) 
C(14)-C(15)-C(10) 119.7(2) 
C(4)-C(9)-C(8) 119.8(2) 
C(4)-C(9)-H(9) 120.1 
C(8)-C(9)-H(9) 120.1 
O(2)-C(2)-O(1) 125.5(2) 
O(2)-C(2)-C(3) 122.20(19) 
O(1)-C(2)-C(3) 112.33(17) 
C(7)-C(8)-C(9) 120.0(2) 
C(7)-C(8)-H(8) 120.0 
C(9)-C(8)-H(8) 120.0 
C(13)-C(14)-C(15) 119.9(2) 
C(13)-C(14)-H(14) 120.1 
C(15)-C(14)-H(14) 120.1 
C(6)-C(5)-C(4) 119.8(2) 
C(6)-C(5)-H(5) 120.1 
C(4)-C(5)-H(5) 120.1 
C(13)-C(12)-C(11) 119.7(2) 
C(13)-C(12)-H(12) 120.1 
C(11)-C(12)-H(12) 120.1 
C(8)-C(7)-C(6) 120.5(2) 
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C(8)-C(7)-H(7) 119.7 
C(6)-C(7)-H(7) 119.7 
C(12)-C(13)-C(14) 120.8(2) 
C(12)-C(13)-H(13) 119.6 
C(14)-C(13)-H(13) 119.6 
C(7)-C(6)-C(5) 120.1(2) 
C(7)-C(6)-H(6) 120.0 
C(5)-C(6)-H(6) 120.0 
O(1)-C(1)-H(1A) 109.5 
O(1)-C(1)-H(1B) 109.5 
H(1A)-C(1)-H(1B) 109.5 
O(1)-C(1)-H(1C) 109.5 
H(1A)-C(1)-H(1C) 109.5 
H(1B)-C(1)-H(1C) 109.5 
O(3)-C(16)-H(16A) 109.5 
O(3)-C(16)-H(16B) 109.5 
H(16A)-C(16)-H(16B) 109.5 
O(3)-C(16)-H(16C) 109.5 
H(16A)-C(16)-H(16C) 109.5 
H(16B)-C(16)-H(16C) 109.5 
__________________________________________________  
Symmetry transformations used to generate equivalent atoms: 
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Table 4. Anisotropic Displacement Parameters (Å2x103).  The Anisotropic 
Displacement Factor Exponent Takes the Form: –2π2[h2a*2U11+ ... + 2 h k 
a*b*U
12
] 
___________________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
___________________________________________________________________________ 
O(1) 45(1)  45(1) 37(1)  11(1) 22(1)  10(1) 
N(1) 33(1)  25(1) 30(1)  6(1) 10(1)  -1(1) 
O(2) 58(1)  31(1) 83(1)  13(1) 42(1)  10(1) 
O(3) 44(1)  28(1) 64(1)  14(1) 13(1)  5(1) 
C(3) 31(1)  24(1) 28(1)  8(1) 8(1)  1(1) 
C(10) 36(1)  27(1) 24(1)  2(1) 11(1)  -4(1) 
C(4) 33(1)  22(1) 30(1)  6(1) 9(1)  1(1) 
C(11) 40(1)  31(1) 34(1)  4(1) 11(1)  1(1) 
C(15) 40(1)  29(1) 31(1)  7(1) 13(1)  -1(1) 
C(9) 34(1)  26(1) 31(1)  1(1) 8(1)  -2(1) 
C(2) 33(1)  24(1) 38(1)  3(1) 11(1)  -3(1) 
C(8) 38(1)  38(1) 37(1)  7(1) 17(1)  1(1) 
C(14) 55(2)  27(1) 41(1)  4(1) 19(1)  -9(1) 
C(5) 45(1)  40(1) 30(1)  2(1) 14(1)  -6(1) 
C(12) 35(1)  52(2) 37(1)  6(1) 12(1)  -3(1) 
C(7) 34(1)  46(1) 48(1)  7(1) 10(1)  -9(1) 
C(13) 43(1)  47(2) 40(1)  1(1) 16(1)  -16(1) 
C(6) 46(2)  53(2) 39(1)  -4(1) 7(1)  -18(1) 
C(1) 47(2)  67(2) 46(2)  12(1) 26(1)  9(1) 
C(16) 67(2)  33(1) 108(3)  26(2) 30(2)  15(1) 
___________________________________________________________________________
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Table 5. Hydrogen Coordinates (x104) and Isotropic Displacement 
Parameters (Å2x103) 
___________________________________________________________________________ 
 x  y  z  U(eq) 
___________________________________________________________________________ 
H(11) 908 10470 6582 41 
H(9) 6036 11183 5897 37 
H(8) 8483 12519 6047 43 
H(14) 1490 5308 6693 48 
H(5) 6135 12818 10019 45 
H(12) -1391 8846 6138 49 
H(7) 9765 13941 8180 51 
H(13) -1090 6293 6227 52 
H(6) 8599 14108 10159 57 
H(1A) 2723 11974 11566 76 
H(1B) 1796 10354 11237 76 
H(1C) 1133 11646 10338 76 
H(16A) 4002 4852 7738 99 
H(16B) 5721 5094 7322 99 
H(16C) 4113 4766 6115 99 
___________________________________________________________________________ 
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Table 6. Torsion Angles [°] 
_____________________________________________________ 
C(10)-N(1)-C(3)-C(4) –178.19(17) 
C(10)-N(1)-C(3)-C(2) –0.2(3) 
C(3)-N(1)-C(10)-C(11) 57.5(3) 
C(3)-N(1)-C(10)-C(15) –128.9(2) 
N(1)-C(3)-C(4)-C(5) –151.8(2) 
C(2)-C(3)-C(4)-C(5) 30.0(3) 
N(1)-C(3)-C(4)-C(9) 24.3(3) 
C(2)-C(3)-C(4)-C(9) –153.94(18) 
C(15)-C(10)-C(11)-C(12) –0.3(3) 
N(1)-C(10)-C(11)-C(12) 173.2(2) 
C(16)-O(3)-C(15)-C(14) 7.4(3) 
C(16)-O(3)-C(15)-C(10) –173.5(2) 
C(11)-C(10)-C(15)-O(3) –179.70(19) 
N(1)-C(10)-C(15)-O(3) 6.5(3) 
C(11)-C(10)-C(15)-C(14) -0.5(3) 
N(1)-C(10)-C(15)-C(14) –174.39(19) 
C(5)-C(4)-C(9)-C(8) 0.0(3) 
C(3)-C(4)-C(9)-C(8) –175.98(18) 
C(1)-O(1)-C(2)-O(2) 0.3(3) 
C(1)-O(1)-C(2)-C(3) –179.47(19) 
N(1)-C(3)-C(2)-O(2) –117.9(3) 
C(4)-C(3)-C(2)-O(2) 60.2(3) 
N(1)-C(3)-C(2)-O(1) 61.9(3) 
C(4)-C(3)-C(2)-O(1) –120.01(19) 
C(4)-C(9)-C(8)-C(7) 0.8(3) 
O(3)-C(15)-C(14)-C(13) 179.7(2) 
C(10)-C(15)-C(14)-C(13) 0.7(3) 
C(9)-C(4)-C(5)-C(6) –0.6(3) 
C(3)-C(4)-C(5)-C(6) 175.4(2) 
C(10)-C(11)-C(12)-C(13) 1.0(3) 
C(9)-C(8)-C(7)-C(6) –1.0(4) 
C(11)-C(12)-C(13)-C(14) –0.9(3) 
C(15)-C(14)-C(13)-C(12) 0.1(3) 
C(8)-C(7)-C(6)-C(5) 0.4(4) 
C(4)-C(5)-C(6)-C(7) 0.4(4) 
Symmetry transformations used to generate equivalent atoms:  
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X-ray crystal structure of α-quaternary amino ester 6h 
NH
O
OMe
Me
OMe
6h
Br
 
Table 1. Crystal Data and Structure Refinement 
Identification code  pf011 
Empirical formula  C17H18BrNO3 
Formula weight  364.23 g/mol 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 6.464(3) Å α= 90° 
 b = 8.621(4) Å β= 90° 
 c = 29.556(11) Å γ = 90° 
Volume 1647.0(13) Å
3 
Z 4 
Density (calculated) 1.469 mg/m3 
Absorption coefficient 2.507 mm-1 
F(000) 744 
Crystal size 0.20 x 0.10 x 0.10 mm3 
Theta range for data collection 1.38 to 28.27° 
Index ranges –8<=h<=6, –11<=k<=11, –33<=l<=39 
Reflections collected 11676 
Independent reflections 4052 [R(int) = 0.0289] 
Completeness to theta = 28.27° 99.9 % 
Absorption correction Semi-empirical from equivalents 
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Refinement method full-matrix least-squares on F2 
Data / restraints / parameters 4052/0/271 
Goodness-of-fit on F2 0.995 
Final R indices [I>2sigma(I)] R1 = 0.0293, wR2 = 0.0685 
R indices (all data) R1 = 0.0338, wR2 = 0.0699 
Absolute structure parameter –0.001(6) 
Largest diff. peak and hole 0.535 and -0.244 e.Å–3 
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Table 2. Atomic Coordinates (x104) and Equivalent Isotropic Displacement 
Parameters (Å
2
x 103).  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor. 
___________________________________________________________________________  
 x y z U(eq) 
___________________________________________________________________________ 
Br(1) 6369(1) 6264(1) 1920(1) 58(1) 
O(1) 5159(2) –2968(2) 745(1) 38(1) 
O(2) 1287(3) –1741(2) 1857(1) 51(1) 
O(3) -420(2) 471(2) 1987(1) 38(1) 
N(1) 2966(3) –704(2) 1093(1) 33(1) 
C(1) 1549(3) 366(2) 1313(1) 26(1) 
C(2) 2658(3) 1864(2) 1462(1) 24(1) 
C(3) 4590(3) 1732(2) 1670(1) 32(1) 
C(4) 5683(3) 3026(2) 1811(1) 38(1) 
C(5) 4843(3) 4485(2) 1739(1) 33(1) 
C(6) 2915(3) 4663(2) 1539(1) 34(1) 
C(7) 1833(3) 3343(2) 1404(1) 29(1) 
C(8) -395(3) 639(3) 1021(1) 37(1) 
C(9) 832(3) –457(2) 1749(1) 27(1) 
C(10) 4079(2) –376(2) 702(1) 27(1) 
C(11) 5288(3) –1592(2) 515(1) 30(1) 
C(12) 6452(3) –1349(2) 127(1) 37(1) 
C(13) 6454(3) 100(3) –83(1) 40(1) 
C(14) 5309(3) 1295(3) 97(1) 39(1) 
C(15) 4121(3) 1059(2) 487(1) 34(1) 
C(16) 6560(4) –4174(3) 610(1) 53(1) 
C(17) –1203(3) –125(3) 2412(1) 37(1) 
___________________________________________________________________________
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Table 3. Bond Lengths [Å] and Angles [°] 
__________________________________________ 
Br(1)-C(5)  1.9006(19) 
O(1)-C(11)  1.370(2) 
O(1)-C(16)  1.436(3) 
O(2)-C(9)  1.190(2) 
O(3)-C(9)  1.337(2) 
O(3)-C(17)  1.448(2) 
N(1)-C(10)  1.390(2) 
N(1)-C(1)  1.453(2) 
N(1)-H(8)  0.77(2) 
C(1)-C(8)  1.542(3) 
C(1)-C(2)  1.542(2) 
C(1)-C(9)  1.542(2) 
C(2)-C(7)  1.393(2) 
C(2)-C(3)  1.396(2) 
C(3)-C(4)  1.385(3) 
C(3)-H(18)  1.02(2) 
C(4)-C(5)  1.386(3) 
C(4)-H(12)  0.93(3) 
C(5)-C(6)  1.387(3) 
C(6)-C(7)  1.395(3) 
C(6)-H(17)  0.96(2) 
C(7)-H(13)  0.91(3) 
C(8)-H(11)  0.91(2) 
C(8)-H(9)  1.00(3) 
C(8)-H(10)  0.94(3) 
C(10)-C(15)  1.392(3) 
C(10)-C(11)  1.419(2) 
C(11)-C(12)  1.389(3) 
C(12)-C(13)  1.395(3) 
C(12)-H(4)  0.95(3) 
C(13)-C(14)  1.375(3) 
C(13)-H(1)  0.92(3) 
C(14)-C(15)  1.400(3) 
C(14)-H(2)  0.87(2) 
C(15)-H(3)  0.92(2) 
C(16)-H(7)  0.94(3) 
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C(16)-H(6)  1.06(3) 
C(16)-H(5)  0.97(3) 
C(17)-H(15)  0.93(3) 
C(17)-H(14)  1.08(4) 
C(17)-H(16)  0.96(4) 
 
C(11)-O(1)-C(16) 116.78(16) 
C(9)-O(3)-C(17) 117.12(15) 
C(10)-N(1)-C(1) 124.65(16) 
C(10)-N(1)-H(8) 117.4(16) 
C(1)-N(1)-H(8) 117.9(16) 
N(1)-C(1)-C(8) 111.17(15) 
N(1)-C(1)-C(2) 111.46(15) 
C(8)-C(1)-C(2) 114.29(15) 
N(1)-C(1)-C(9) 105.71(14) 
C(8)-C(1)-C(9) 107.03(15) 
C(2)-C(1)-C(9) 106.60(13) 
C(7)-C(2)-C(3) 118.14(16) 
C(7)-C(2)-C(1) 123.57(15) 
C(3)-C(2)-C(1) 118.28(15) 
C(4)-C(3)-C(2) 121.53(17) 
C(4)-C(3)-H(18) 119.7(12) 
C(2)-C(3)-H(18) 118.8(12) 
C(3)-C(4)-C(5) 119.00(18) 
C(3)-C(4)-H(12) 120.9(18) 
C(5)-C(4)-H(12) 119.9(18) 
C(4)-C(5)-C(6) 121.19(17) 
C(4)-C(5)-Br(1) 119.03(15) 
C(6)-C(5)-Br(1) 119.78(15) 
C(5)-C(6)-C(7) 118.86(17) 
C(5)-C(6)-H(17) 119.3(13) 
C(7)-C(6)-H(17) 121.9(13) 
C(2)-C(7)-C(6) 121.26(16) 
C(2)-C(7)-H(13) 122.6(16) 
C(6)-C(7)-H(13) 116.1(16) 
C(1)-C(8)-H(11) 111.6(15) 
C(1)-C(8)-H(9) 112.9(15) 
H(11)-C(8)-H(9) 102(2) 
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C(1)-C(8)-H(10) 104.0(17) 
H(11)-C(8)-H(10) 111(2) 
H(9)-C(8)-H(10) 115(2) 
O(2)-C(9)-O(3) 124.33(17) 
O(2)-C(9)-C(1) 125.37(16) 
O(3)-C(9)-C(1) 110.29(14) 
N(1)-C(10)-C(15) 124.85(16) 
N(1)-C(10)-C(11) 117.30(16) 
C(15)-C(10)-C(11) 117.84(16) 
O(1)-C(11)-C(12) 124.99(16) 
O(1)-C(11)-C(10) 114.40(15) 
C(12)-C(11)-C(10) 120.60(17) 
C(11)-C(12)-C(13) 120.20(18) 
C(11)-C(12)-H(4) 118.6(16) 
C(13)-C(12)-H(4) 121.2(16) 
C(14)-C(13)-C(12) 119.94(19) 
C(14)-C(13)-H(1) 121.7(17) 
C(12)-C(13)-H(1) 118.4(17) 
C(13)-C(14)-C(15) 120.3(2) 
C(13)-C(14)-H(2) 117.3(15) 
C(15)-C(14)-H(2) 122.4(15) 
C(10)-C(15)-C(14) 121.15(18) 
C(10)-C(15)-H(3) 117.4(13) 
C(14)-C(15)-H(3) 121.3(13) 
O(1)-C(16)-H(7) 107.3(15) 
O(1)-C(16)-H(6) 110.4(15) 
H(7)-C(16)-H(6) 111(2) 
O(1)-C(16)-H(5) 108.6(19) 
H(7)-C(16)-H(5) 114(2) 
H(6)-C(16)-H(5) 106(2) 
O(3)-C(17)-H(15) 112.4(19) 
O(3)-C(17)-H(14) 110.0(18) 
H(15)-C(17)-H(14) 114(3) 
O(3)-C(17)-H(16) 102(2) 
H(15)-C(17)-H(16) 105(3) 
H(14)-C(17)-H(16) 112(3) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms: 
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Table 4. Anisotropic Displacement Parameters (Å2x103).  The Anisotropic 
Displacement Factor Exponent Takes the Form: –2π2[h2a*2U11+ ... + 2 h k 
a*b*U
12
] 
___________________________________________________________________________ 
 U
11
 U
22
  U
33
 U
23
 U
13
 U
12 
___________________________________________________________________________ 
Br(1) 65(1)  38(1) 72(1)  –7(1) –16(1)  –17(1) 
O(1) 43(1)  32(1) 40(1)  –4(1) 12(1)  5(1) 
O(2) 72(1)  29(1) 53(1)  10(1) 28(1)  11(1) 
O(3) 45(1)  37(1) 32(1)  4(1) 15(1)  10(1) 
N(1) 44(1)  23(1) 32(1)  1(1) 10(1)  5(1) 
C(1) 29(1)  25(1) 26(1)  –2(1) 2(1)  1(1) 
C(2) 26(1)  24(1) 23(1)  2(1) 4(1)  1(1) 
C(3) 30(1)  28(1) 38(1)  1(1) -2(1)  5(1) 
C(4) 31(1)  39(1) 43(1)  –1(1) -6(1)  -1(1) 
C(5) 36(1)  29(1) 35(1)  –4(1) 0(1)  -8(1) 
C(6) 41(1)  24(1) 37(1)  0(1) 4(1)  3(1) 
C(7) 28(1)  28(1) 31(1)  1(1) –2(1)  4(1) 
C(8) 33(1)  43(1) 35(1)  –2(1) –7(1)  –3(1) 
C(9) 25(1)  24(1) 31(1)  –2(1) 2(1)  –2(1) 
C(10) 26(1)  31(1) 25(1)  –6(1) 1(1)  –2(1) 
C(11) 28(1)  31(1) 30(1)  –7(1) 0(1)  –3(1) 
C(12) 32(1)  44(1) 34(1)  –10(1) 6(1)  1(1) 
C(13) 35(1)  53(1) 32(1)  –2(1) 8(1)  –6(1) 
C(14) 42(1)  41(1) 32(1)  5(1) 3(1)  –4(1) 
C(15) 39(1)  33(1) 29(1)  –4(1) 2(1)  2(1) 
C(16) 58(1)  40(1) 62(2)  0(1) 20(1)  15(1) 
C(17) 42(1)  40(1) 30(1)  0(1) 10(1)  -1(1) 
___________________________________________________________________________
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Table 5. Hydrogen Coordinates (x104) and Isotropic Displacement 
Parameters (Å
2x10
3
) 
___________________________________________________________________________ 
 x  y  z  U(eq) 
___________________________________________________________________________ 
H(3) 3420(30) 1870(30) 623(7) 33(5) 
H(11) –1320(40) 1270(30) 1164(8) 44(6) 
H(4) 7200(30) -2200(30) 3(9) 46(6) 
H(9) –90(40) 1230(40) 735(9) 58(7) 
H(2) 5350(30) 2190(30) -43(8) 34(6) 
H(7) 6300(40) –5040(30) 795(8) 47(6) 
H(10) –950(40) -370(30) 979(9) 55(7) 
H(13) 570(40) 3510(30) 1275(8) 45(6) 
H(8) 3150(30) –1500(30) 1207(7) 27(5) 
H(12) 7010(40) 2930(30) 1928(9) 56(7) 
H(6) 6330(40) –4460(30) 266(9) 56(7) 
H(1) 7230(40) 230(30) –340(9) 54(7) 
H(5) 7960(50) –3780(40) 629(10) 68(8) 
H(15) –1590(50) 660(40) 2611(10) 75(9) 
H(14) –2410(50) –970(40) 2349(12) 89(11) 
H(16) 0(60) –590(30) 2542(11) 77(9) 
H(17) 2370(30) 5690(30) 1495(8) 38(6) 
H(18) 5210(30) 650(30) 1715(7) 33(5) 
___________________________________________________________________________
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Table 6. Torsion Angles [°] 
____________________________________________________ 
C(10)-N(1)-C(1)-C(8) 68.6(2) 
C(10)-N(1)-C(1)-C(2) –60.2(2) 
C(10)-N(1)-C(1)-C(9) –175.60(16) 
N(1)-C(1)-C(2)-C(7) 136.79(17) 
C(8)-C(1)-C(2)-C(7) 9.7(2) 
C(9)-C(1)-C(2)-C(7) –108.32(18) 
N(1)-C(1)-C(2)-C(3) –43.7(2) 
C(8)-C(1)-C(2)-C(3) –170.79(16) 
C(9)-C(1)-C(2)-C(3) 71.19(18) 
C(7)-C(2)-C(3)-C(4) –0.9(3) 
C(1)-C(2)-C(3)-C(4) 179.61(17) 
C(2)-C(3)-C(4)-C(5) –0.6(3) 
C(3)-C(4)-C(5)-C(6) 1.5(3) 
C(3)-C(4)-C(5)-Br(1) –178.67(15) 
C(4)-C(5)-C(6)-C(7) –1.0(3) 
Br(1)-C(5)-C(6)-C(7) 179.18(14) 
C(3)-C(2)-C(7)-C(6) 1.4(3) 
C(1)-C(2)-C(7)-C(6) –179.11(17) 
C(5)-C(6)-C(7)-C(2) –0.5(3) 
C(17)-O(3)-C(9)-O(2) 2.2(3) 
C(17)-O(3)-C(9)-C(1) –179.00(15) 
N(1)-C(1)-C(9)-O(2) –3.9(2) 
C(8)-C(1)-C(9)-O(2) 114.6(2) 
C(2)-C(1)-C(9)-O(2) –122.7(2) 
N(1)-C(1)-C(9)-O(3) 177.26(14) 
C(8)-C(1)-C(9)-O(3) –64.15(19) 
C(2)-C(1)-C(9)-O(3) 58.54(17) 
C(1)-N(1)-C(10)-C(15) 5.4(3) 
C(1)-N(1)-C(10)-C(11) –175.75(16) 
C(16)-O(1)-C(11)-C(12) 9.3(3) 
C(16)-O(1)-C(11)-C(10) –171.69(18) 
N(1)-C(10)-C(11)-O(1) 1.3(2) 
C(15)-C(10)-C(11)-O(1) –179.74(15) 
N(1)-C(10)-C(11)-C(12) –179.58(16) 
C(15)-C(10)-C(11)-C(12) –0.7(3) 
O(1)-C(11)-C(12)-C(13) 179.35(18) 
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C(10)-C(11)-C(12)-C(13) 0.4(3) 
C(11)-C(12)-C(13)-C(14) 0.3(3) 
C(12)-C(13)-C(14)-C(15) –0.7(3) 
N(1)-C(10)-C(15)-C(14) 179.09(18) 
C(11)-C(10)-C(15)-C(14) 0.3(3) 
C(13)-C(14)-C(15)-C(10) 0.4(3) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms: 
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X-ray crystal structure of α-quaternary amino ester 6g 
NH
O
OMe
Me
OMe
6g
Br
 
Table 1. Crystal Data and Structure Refinement 
Identification code  pf03 
Empirical formula  C17H18BrNO3 
Formula weight  364.23 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  P 21 
Unit cell dimensions a = 8.1971(16) Å α = 90° 
 b = 12.382(2) Å β = 96.243(4)° 
 c = 8.2137(16) Å γ = 90° 
Volume 828.7(3) Å3 
Z 2 
Density (calculated) 1.460 mg/m3 
Absorption coefficient 2.491 mm-1 
F(000) 372 
Crystal size 0.15 x 0.10 x 0.10 mm3 
Theta range for data collection 2.49 to 28.34° 
Index ranges –10<=h<=10, –16<=k<=14, –10<=l<=7 
Reflections collected 6188 
Independent reflections 3743 [R(int) = 0.0218] 
Completeness to theta = 28.34° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7887 and 0.7063 
Refinement method Full-matrix least-squares on F2 
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Data / restraints / parameters 3743/1/202 
Goodness-of-fit on F2 1.056 
Final R indices [I>2sigma(I)] R1 = 0.0492, wR2 = 0.1275 
R indices (all data) R1 = 0.0603, wR2 = 0.1342 
Absolute structure parameter 0.033(12) 
Largest diff. peak and hole 1.187 and –0.624 e.Å–3 
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Table 2. Atomic Coordinates (x104) and Equivalent Isotropic Displacement 
Parameters (Å2x103).  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor 
___________________________________________________________________________ 
 x y z U(eq) 
___________________________________________________________________________ 
O(2) 7146(3) –889(3) 3174(3) 59(1) 
Br(1) 2030(1) –668(1) 1573(1) 77(1) 
O(4) 2914(3) 785(2) –2336(3) 51(1) 
O(3) 4793(4) –442(2) –1419(4) 63(1) 
C(15) 4059(5) 387(3) –1237(4) 44(1) 
C(2) 1662(5) 857(4) 1437(5) 51(1) 
N(1) 5375(4) 520(3) 1470(4) 55(1) 
C(7) 4412(5) 1142(3) 236(5) 43(1) 
C(13) 6992(5) 87(4) 3934(5) 51(1) 
C(8) 6027(4) 839(3) 3004(4) 44(1) 
C(6) 2384(5) 2636(4) 739(5) 50(1) 
C(12) 7779(6) 356(5) 5465(5) 63(1) 
C(17) 5451(5) 2068(4) -369(6) 52(1) 
C(9) 5808(5) 1859(4) 3675(5) 50(1) 
C(10) 6602(6) 2115(5) 5209(6) 67(1) 
C(16) 2682(7) 198(4) –3882(6) 65(1) 
C(5) 951(6) 3023(5) 1268(5) 67(1) 
C(1) 2793(4) 1549(3) 812(4) 40(1) 
C(14) 8126(7) –1713(5) 4007(7) 73(1) 
C(4) –136(5) 2307(6) 1851(6) 76(2) 
C(11) 7577(6) 1384(5) 6099(5) 72(1) 
C(3) 228(6) 1221(6) 1936(6) 75(2) 
___________________________________________________________________________
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Table 3. Bond Lengths [Å] and Angles [°] 
___________________________________ 
O(2)-C(13)  1.373(6) 
O(2)-C(14)  1.426(6) 
Br(1)-C(2)  1.913(5) 
O(4)-C(15)  1.325(5) 
O(4)-C(16)  1.458(5) 
O(3)-C(15)  1.207(5) 
C(15)-C(7)  1.531(5) 
C(2)-C(3)  1.364(7) 
C(2)-C(1)  1.400(5) 
N(1)-C(8)  1.372(5) 
N(1)-C(7)  1.438(5) 
N(1)-H(1)  0.8800 
C(7)-C(1)  1.542(5) 
C(7)-C(17)  1.542(6) 
C(13)-C(8)  1.394(6) 
C(13)-C(12)  1.390(6) 
C(8)-C(9)  1.398(6) 
C(6)-C(5)  1.382(6) 
C(6)-C(1)  1.386(6) 
C(6)-H(6)  0.9500 
C(12)-C(11)  1.392(8) 
C(12)-H(12)  0.9500 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(9)-C(10)  1.390(6) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.366(8) 
C(10)-H(10)  0.9500 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
C(5)-C(4)  1.379(9) 
C(5)-H(5)  0.9500 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
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C(14)-H(14C)  0.9800 
C(4)-C(3)  1.377(10) 
C(4)-H(4)  0.9500 
C(11)-H(11)  0.9500 
C(3)-H(3)  0.9500 
 
C(13)-O(2)-C(14) 119.1(4) 
C(15)-O(4)-C(16) 115.1(3) 
O(3)-C(15)-O(4) 123.9(3) 
O(3)-C(15)-C(7) 124.2(3) 
O(4)-C(15)-C(7) 111.7(3) 
C(3)-C(2)-C(1) 122.3(5) 
C(3)-C(2)-Br(1) 116.4(4) 
C(1)-C(2)-Br(1) 121.3(3) 
C(8)-N(1)-C(7) 128.5(4) 
C(8)-N(1)-H(1) 115.8 
C(7)-N(1)-H(1) 115.8 
N(1)-C(7)-C(15) 105.8(3) 
N(1)-C(7)-C(1) 112.6(3) 
C(15)-C(7)-C(1) 110.3(3) 
N(1)-C(7)-C(17) 110.2(3) 
C(15)-C(7)-C(17) 105.2(3) 
C(1)-C(7)-C(17) 112.3(3) 
O(2)-C(13)-C(8) 114.4(3) 
O(2)-C(13)-C(12) 124.5(4) 
C(8)-C(13)-C(12) 121.1(4) 
N(1)-C(8)-C(13) 116.9(4) 
N(1)-C(8)-C(9) 124.6(4) 
C(13)-C(8)-C(9) 118.5(4) 
C(5)-C(6)-C(1) 122.2(4) 
C(5)-C(6)-H(6) 118.9 
C(1)-C(6)-H(6) 118.9 
C(11)-C(12)-C(13) 119.7(4) 
C(11)-C(12)-H(12) 120.2 
C(13)-C(12)-H(12) 120.2 
C(7)-C(17)-H(17A) 109.5 
C(7)-C(17)-H(17B) 109.5 
H(17A)-C(17)-H(17B) 109.5 
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C(7)-C(17)-H(17C) 109.5 
H(17A)-C(17)-H(17C) 109.5 
H(17B)-C(17)-H(17C) 109.5 
C(10)-C(9)-C(8) 119.7(4) 
C(10)-C(9)-H(9) 120.1 
C(8)-C(9)-H(9) 120.1 
C(11)-C(10)-C(9) 121.5(5) 
C(11)-C(10)-H(10) 119.2 
C(9)-C(10)-H(10) 119.2 
O(4)-C(16)-H(16A) 109.5 
O(4)-C(16)-H(16B) 109.5 
H(16A)-C(16)-H(16B) 109.5 
O(4)-C(16)-H(16C) 109.5 
H(16A)-C(16)-H(16C) 109.5 
H(16B)-C(16)-H(16C) 109.5 
C(6)-C(5)-C(4) 119.3(5) 
C(6)-C(5)-H(5) 120.3 
C(4)-C(5)-H(5) 120.3 
C(6)-C(1)-C(2) 116.3(4) 
C(6)-C(1)-C(7) 121.1(3) 
C(2)-C(1)-C(7) 122.6(4) 
O(2)-C(14)-H(14A) 109.5 
O(2)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
O(2)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(3)-C(4)-C(5) 120.0(4) 
C(3)-C(4)-H(4) 120.0 
C(5)-C(4)-H(4) 120.0 
C(10)-C(11)-C(12) 119.5(4) 
C(10)-C(11)-H(11) 120.3 
C(12)-C(11)-H(11) 120.3 
C(2)-C(3)-C(4) 119.8(5) 
C(2)-C(3)-H(3) 120.1 
C(4)-C(3)-H(3) 120.1 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms: 
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Table 4. Anisotropic Displacement Parameters (Å2x103).  The Anisotropic 
Displacement Factor Exponent Takes the Form: –2π2[h2a*2U11+ ... + 2 h k 
a*b*U
12
] 
___________________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
___________________________________________________________________________ 
O(2) 60(2)  62(2) 53(2)  6(1) –5(1)  7(1) 
Br(1) 94(1)  64(1) 71(1)  12(1) 5(1)  –34(1) 
O(4) 59(2)  52(2) 41(1)  –5(1) –3(1)  3(1) 
O(3) 78(2)  54(2) 53(2)  –8(1) –1(1)  14(2) 
C(15) 50(2)  44(2) 38(2)  –1(1) 6(1)  –5(1) 
C(2) 47(2)  65(3) 40(2)  –1(2) –2(2)  –12(2) 
N(1) 54(2)  52(2) 55(2)  –10(2) –13(1)  8(1) 
C(7) 43(2)  45(2) 41(2)  –2(2) 1(1)  0(1) 
C(13) 45(2)  70(3) 39(2)  3(2) 8(2)  –9(2) 
C(8) 36(2)  57(2) 38(2)  –1(2) 8(1)  –8(2) 
C(6) 49(2)  57(2) 43(2)  –6(2) 1(2)  2(2) 
C(12) 64(3)  87(4) 36(2)  7(2) 2(2)  5(2) 
C(17) 46(2)  57(2) 56(2)  –6(2) 16(2)  –8(2) 
C(9) 49(2)  61(2) 41(2)  –3(2) 6(2)  –4(2) 
C(10) 77(3)  77(3) 48(2)  –13(2) 11(2)  –6(2) 
C(16) 78(3)  69(3) 45(2)  –8(2) –7(2)  –6(2) 
C(5) 56(3)  85(3) 57(2)  –18(2) –8(2)  22(2) 
C(1) 39(2)  52(2) 29(1)  1(1) 2(1)  –5(2) 
C(14) 81(3)  59(3) 74(3)  17(3) –15(2)  –1(2) 
C(4) 38(2)  132(6) 57(3)  –17(3) 4(2)  14(3) 
C(11) 72(3)  110(4) 34(2)  –10(2) 0(2)  –4(3) 
C(3) 48(2)  123(5) 58(3)  –8(3) 14(2)  –15(3) 
___________________________________________________________________________
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Table 5. Hydrogen Coordinates (x104) and Isotropic Displacement 
Parameters (Å2x103) 
___________________________________________________________________________  
 x  y  z  U(eq) 
___________________________________________________________________________ 
H(1) 5572 –153 1206 66 
H(6) 3114 3131 311 60 
H(12) 8451 –159 6076 75 
H(17A) 5702 2593 516 78 
H(17B) 4835 2424 –1308 78 
H(17C) 6476 1775 –698 78 
H(9) 5120 2375 3086 60 
H(10) 6462 2814 5649 80 
H(16A) 3696 224 –4410 98 
H(16B) 1789 531 –4601 98 
H(16C) 2403 –555 –3673 98 
H(5) 717 3774 1230 80 
H(14A) 9269 –1471 4189 110 
H(14B) 8061 –2371 3341 110 
H(14C) 7721 –1863 5063 110 
H(4) –1136 2563 2195 91 
H(11) 8114 1576 7143 87 
H(3) –518 728 2342 90 
___________________________________________________________________________
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Table 6. Torsion angles [°] 
________________________________________________________________  
C(16)-O(4)-C(15)-O(3) –5.2(6) 
C(16)-O(4)-C(15)-C(7) 171.1(3) 
C(8)-N(1)-C(7)-C(15) 178.6(4) 
C(8)-N(1)-C(7)-C(1) –60.9(5) 
C(8)-N(1)-C(7)-C(17) 65.4(5) 
O(3)-C(15)-C(7)-N(1) –16.2(5) 
O(4)-C(15)-C(7)-N(1) 167.4(3) 
O(3)-C(15)-C(7)-C(1) –138.2(4) 
O(4)-C(15)-C(7)-C(1) 45.4(4) 
O(3)-C(15)-C(7)-C(17) 100.4(4) 
O(4)-C(15)-C(7)-C(17) –75.9(4) 
C(14)-O(2)-C(13)-C(8) 179.2(4) 
C(14)-O(2)-C(13)-C(12) 2.4(6) 
C(7)-N(1)-C(8)-C(13) –176.7(4) 
C(7)-N(1)-C(8)-C(9) 2.3(6) 
O(2)-C(13)-C(8)-N(1) –0.5(5) 
C(12)-C(13)-C(8)-N(1) 176.4(3) 
O(2)-C(13)-C(8)-C(9) –179.7(3) 
C(12)-C(13)-C(8)-C(9) –2.7(5) 
O(2)-C(13)-C(12)-C(11) 177.9(4) 
C(8)-C(13)-C(12)-C(11) 1.3(6) 
N(1)-C(8)-C(9)-C(10) –176.5(4) 
C(13)-C(8)-C(9)-C(10) 2.6(6) 
C(8)-C(9)-C(10)-C(11) –1.1(7) 
C(1)-C(6)-C(5)-C(4) –1.7(6) 
C(5)-C(6)-C(1)-C(2) 0.7(5) 
C(5)-C(6)-C(1)-C(7) –179.1(3) 
C(3)-C(2)-C(1)-C(6) 0.5(6) 
Br(1)-C(2)-C(1)-C(6) 178.7(3) 
C(3)-C(2)-C(1)-C(7) –179.7(4) 
Br(1)-C(2)-C(1)-C(7) –1.5(5) 
N(1)-C(7)-C(1)-C(6) 125.9(4) 
C(15)-C(7)-C(1)-C(6) –116.2(4) 
C(17)-C(7)-C(1)-C(6) 0.8(5) 
N(1)-C(7)-C(1)-C(2) –53.9(5) 
C(15)-C(7)-C(1)-C(2) 64.0(4) 
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C(17)-C(7)-C(1)-C(2) –179.0(3) 
C(6)-C(5)-C(4)-C(3) 1.4(7) 
C(9)-C(10)-C(11)-C(12) –0.4(8) 
C(13)-C(12)-C(11)-C(10) 0.3(7) 
C(1)-C(2)-C(3)-C(4) –0.8(7) 
Br(1)-C(2)-C(3)-C(4) –179.0(4) 
C(5)-C(4)-C(3)-C(2) –0.2(8) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms: 
 
 
Table 7. Hydrogen bonds [Å and °] 
________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________ 
N(1)-H(1)...O(3) 0.88 2.21 2.652(4) 110.6 
________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms: 
Catalytic Asymmetric Alkylations of Ketoimines. 
Enantioselective Synthesis of Quaternary Amino Ester and 
Tertiary Amines through Zr-Catalyzed Asymmetric Additions 
of Dialkylzinc Reagents to Aryl-, Alkyl- and 
Trifluoroalkyl-Substituted Ketoimines 
 
Peng Fu, Marc L. Snapper,* and Amir H. Hoveyda* 
Department of Chemistry, Merkert Chemistry Center, Boston College, Chestnut Hill, 
Massachusetts 02467 
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Chapter 3 
Ag-Catalyzed Enantioselective Vinylogous Mannich (VM) Reactions of 
Siloxypyrroles and γ-Substituted Siloxyfurans 
Experimental Section and Supporting Information 
General. Infared (IR) spectra were recorded on a Nicolet 210 spectrophotometer, νmax in cm-1. Bands 
are characterized as broad (br), strong (s), medium (m), and weak (w). 1H NMR spectra were recorded 
on a Varian Unity INOVA 400 (400 MHz) spectrometer. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance as the internal standard (CDCl3: δ 7.26 ppm). Data are 
reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, br = broad, m = multiplet), and coupling constants (Hz). 13C NMR spectra were recorded on a 
Varian Unity INOVA 400 (100 MHz) spectrometer with complete proton decoupling.  Chemical 
shifts are reported in ppm from tetramethylsilane with the solvent resonance as the internal standard 
(CDCl3: δ 77.16 ppm).  High-resolution mass spectrometry was performed on a Micromass LCT 
ESI-MS (positive mode) at the Mass Spectrometry Facility, Boston College and at the University of 
Illinois Mass Spectrometry Laboratories (Urbana, Illinois). Elemental microanalyses were performed 
at Robertson Microlit Laboratories (Madison, NJ). Enantiomeric ratios were determined by chiral 
HPLC analysis (Chiral Technologies Chiralcel OD column, 25 cm x 0.46 cm) in comparison with 
authentic racemic materials. Optical rotations were measured on a Rudolph Research Analytical 
Autopol IV Polarimeter. Unless otherwise noted, all reactions were carried out under a N2 atmosphere 
using solvents from solvent system. Fisherbrand HPLC grade hexanes and 2-propanol were used 
without further purification. THF was purified under a positive pressure of dry Ar by a modified 
Innovative Technologies purification system; THF was purged with Ar and purified by being passed 
through two alumina columns. All work-up and purification procedures were carried out with reagent 
grade solvents in air.  AgOAc was purchased from Aldrich and used without further purification. 
EDC•HCl, HOBt•H2O, Boc-protected amino acids, o-anisidine were purchased from commercial 
sources (Advanced Chemtech, Nova Biochem, Aldrich) and used without purification. Unless 
otherwise stated, substrates were synthesized from commercially available starting materials through 
 1
previously reported protocols. 
Representative experimental procedure for Ag-catalyzed asymmetric vinylogous Mannich 
reaction with γ-(trimethylsilyloxy)furans 3.44. Chiral phosphine 3.21 (5.1 mg, 0.010 mmol), 
AgOAc (1.7 mg, 0.010 mmol) and imine substrate 3.49a (45.5 mg, 0.20 mmol) were weighed into a 
13x100 mm test tube and capped with a septum. The test tube was purged with nitrogen for 10 min. 
Then the contents were dissolved with distilled THF (2.0 mL) and allowed to stir for 5 min at 22 °C 
under nitrogen followed by addition of i-PrOH (17 μL, 0.22 mmol). The mixture was allowed to cool to 
–78 °C before the addition of γ-substituted trimethylsiloxyfuran 3.44 (42 μL, 0.22 mmol), and allowed 
to stir at –30 °C for 3 h.  At this time, the reaction was quenched by mixing the reaction mixture and 
saturated aqueous solution of NaHCO3 (0.4 mL) quickly at room temperature. The reaction test tube was 
washed by Et2O, and combined the organic layers together. The mixture was then allowed to warm to 
22 °C with vigorous stirring for 10 min.  The filtrate was concentrated to afford a yellow solid that 
was purified by silica gel column chromatography (5:1 to 1:1 Petroleum Ether:EtOAc) to deliver 33.8 
mg (1.04 mmol, 52% yield) of 3.50a as a white solid. 
 
H
N
MeS
 
Benzylidene-(2-methylsulfanyl-phenyl)-amine. 3.49a Yellow solid; m. p. = 44-46 °C. IR (neat): 
3058 (m), 2918 (m), 1626 (s), 1575 (m), 1465 (m), 1437 (m), 1190 (s), 1072 (m), 1042 (m), 761 (m) 
690 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 8.42 (1H, s, N=CH), 7.97-7.95 (2H, m, Ar-H), 7.50-7.48 
(3H, m, Ar-H), 7.23-7.22 (2H, m, Ar-H), 7.19-7.15 (1H, m, Ar-H), 7.00-6.98 (1H, m, Ar-H), 2.47 (3H, 
s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 160.1, 149.2, 136.2, 134.1, 131.6, 129.1, 128.9, 126.5, 
125.3, 124.6, 117.6, 14.9. Elemental analysis for C14H13NS, Calcd: C, 73.97; H, 5.76; N, 6.16; found: 
C, 74.0; H, 5.94; N, 5.93. 
 
 2
HN
MeS
O2N  
(2-Methylsulfanyl-phenyl)-(4-nitro-benzylidene)-amine. 3.49b Orange solid; m. p. = 134-136 °C. 
IR (neat): 1595 (m), 1514 (s), 1464 (m), 1434 (m), 1338 (s), 851 (m), 756 (m) cm-1. 1H NMR (400 
MHz, CDCl3): δ 8.52 (1H, s, N=CH), 8.34-8.32 (2H, m, Ar-H), 8.14-8.10 (2H, m, Ar-H), 7.30-7.23 
(2H, m, Ar-H), 7.21-7.16 (1H, m, Ar-H), 7.05-7.02 (1H, m, Ar-H), 2.49 (3H, s, ArSCH3). 13C NMR 
(400 MHz, CDCl3): δ 157.0, 149.5, 147.9, 141.6, 135.2, 129.7, 127.7, 125.3, 124.8, 124.2, 117.2, 14.8. 
Elemental analysis for C14H12N2OS, calcd.: C, 61.75; H, 4.44; N, 10.29; found: C, 61.47; H, 4.36; N, 
10.09. 
 
H
N
MeS
MeO  
(4-Methoxy-benzylidene)-(2-methylsulfanyl-phenyl)-amine. 3.49c Yellow solid; m. p. = 71-73 °C. 
IR (neat): 2917 (m), 2836 (m), 1622 (s), 1603 (m), 1573 (m), 1511 (s), 1465 (m), 1438 (m), 1308 (m), 
1252 (s), 1163 (m), 1069 (m), 1030 (m), 833 (s), 826 (s), 748 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 
8.34 (1H, s, N=CH), 7.92-7.88 (2H, m, Ar-H), 7.21-7.17 (2H, m, Ar-H), 7.16-7.13 (1H, m, Ar-H), 
7.00-6.95 (3H, m, Ar-H), 3.88 (3H, s, ArOCH3), 2.46 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): 
δ 162.5, 159.4, 149.5, 134.0, 130.8, 129.4, 126.1, 125.3, 124.5, 117.6, 114.3, 55.6, 14.9. Elemental 
analysis for C15H15NOS, calcd.: C, 70.01; H, 5.87; N, 5.44; found: C, 70.05; H, 5.74; N, 5.28. 
 
H
N
MeS
Br  
(2-Bromo-benzylidene)-(2-methylsulfanyl-phenyl)-amine. 3.49d Yellow solid; m. p. = 72-74 °C. 
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IR (neat): 3057 (m), 2982 (m), 2917 (m), 1616 (s), 1570 (m), 1471 (s), 1437 (s), 1360 (m), 1271 (s), 
1192 (m), 1069 (m), 1042 (s), 1024 (s), 967 (m), 880 (s), 757 (s), 728 (s), 668 (s) cm-1. 1H NMR (400 
MHz, CDCl3): δ 8.82 (1H, s, N=CH), 8.33 (1H, dd, J = 8.0, 1.6 Hz, Ar-H), 7.63-7.61 (1H, m, Ar-H), 
7.44-7.40 (1H, m, Ar-H), 7.35-7.30 (1H, m, Ar-H), 7.26-7.16 (3H, m, Ar-H), 7.05-7.02 (1H, m, Ar-H), 
2.48 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 158.9, 148.8, 134.7, 134.6, 133.3, 132.6, 129.6, 
127.9, 127.0, 126.2, 125.4, 124.7, 117.8, 14.9. Elemental analysis for C14H12BrNS, calcd.: C, 54.91; H, 
3.95; N, 4.57; found: C, 55.05; H, 3.88; N, 4.41. 
 
H
N
MeS
Br
 
(3-Bromo-benzylidene)-(2-methylsulfanyl-phenyl)-amine. 3.49e Yellow solid; m. p. = 75-77 °C. IR 
(neat): 1618 (s), 1572 (m), 1560 (m), 1469 (m), 1428 (s), 1367 (m), 1274 (m), 1233 (m), 1187 (s), 
1133 (m), 1070 (m), 1044 (m), 995 (m), 970 (m), 955 (m), 886 (m), 834 (m), 782 (s), 751 (s), 730 (s), 
694 (s), 678 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 8.35 (1H, s, N=CH), 8.13-8.12 (1H, m, Ar-H), 
7.85-7.83 (1H, m, Ar-H), 7.62-7.59 (1H, m, Ar-H), 7.36-7.32 (1H, m, Ar-H), 7.24-7.21 (2H, m, Ar-H), 
7.18-7.14 (1H, m, Ar-H), 6.98-6.96 (1H, m, Ar-H), 2.47 (3H, s, ArSCH3). 13C NMR (400 MHz, 
CDCl3): δ 158.3, 148.7, 138.2, 134.4, 134.4, 131.6, 130.4, 127.9, 126.9, 125.3, 124.7, 123.2, 117.5, 
14.9. Elemental analysis for C14H12BrNS, calcd.: C, 54.91; H, 3.95; N, 4.57; found: C, 54.87; H, 3.84; 
N, 4.39. 
 
H
N
MeS
Br  
(4-Bromo-benzylidene)-(2-methylsulfanyl-phenyl)-amine. 3.49f Yellow solid; m. p. = 103-105 °C. 
IR (neat): 3456 (b), 3058 (m), 2920 (m), 1621 (s), 1585 (m), 1481 (m), 1434 (m), 1398 (m), 1352 (s), 
1097 (m), 1067 (m), 1037 (m), 1009 (m), 879 (s), 826 (s), 761 (m) cm-1. 1H NMR (400 MHz, CDCl3): 
 4
δ 8.36 (1H, s, N=CH), 7.83-7.80 (2H, m, Ar-H), 7.62-7.60 (2H, m, Ar-H), 7.24-7.20 (2H, m, Ar-H), 
7.18-7.14 (1H, m, Ar-H), 6.99-6.97 (1H, m, Ar-H), 2.46 (3H, s, ArSCH3). 13C NMR (400 MHz, 
CDCl3): δ 158.6, 148.7, 135.2, 134.4, 131.2, 130.4, 126.8, 126.2, 125.3, 124.6, 117.4, 14.9. Elemental 
analysis for C14H12BrNS, calcd.: C, 54.91; H, 3.95; N, 4.57; found: C, 54.89; H, 3.78; N, 4.41. 
 
H
N
MeS
O
 
Furan-2-ylmethylene-(2-methylsulfanyl-phenyl)-amine. 3.49g Yellow solid; m. p. = 69-71 °C. IR 
(neat): 3117 (m), 3055 (m), 2979 (m), 2918 (m), 1624 (s), 1573 (s), 1482 (m), 1460 (s), 1438 (m), 
1393 (m), 1346 (m), 1267 (m), 1199 (m), 1154 (m), 1077 (m), 1042 (m), 1018 (s), 934 (s), 883 (m), 
782 (m), 745 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 8.22 (1H, s, N=CH), 7.62 (1H, d, J = 1.6 Hz, 
Ar-H), 7.21-7.20 (2H, m, Ar-H), 7.16-7.12 (1H, m, Ar-H), 7.01 (1H, d, J = 3.6 Hz, Ar-H), 6.96-6.94 
(1H, m, Ar-H), 6.55 (1H, dd, J = 3.2; 1.6 Hz, Ar-H), 2.46 (3H, s, ArSCH3). 13C NMR (400 MHz, 
CDCl3): δ 152.3, 149.1, 147.9, 145.9, 134.2, 126.6, 125.3, 124.9, 117.5, 116.2, 112.3, 15.0. Elemental 
analysis for C12H11NOS, calcd.: C, 66.33; H, 5.10; N, 6.45; found: C, 66.24; H, 5.03; N, 6.31. 
 
N
H
MeS
  
(2-Methylsulfanyl-phenyl)-naphthalen-2-ylmethylene-amine. 3.49h Yellow solid; m. p. = 100-102 
°C. IR (neat): 3053 (w), 2914 (w), 2866 (w), 1614 (s), 1570 (m), 1459 (m), 1435 (m), 1397 (m), 1363 
(m), 1334 (m), 1264 (m), 1203 (m), 1171 (m), 1160 (m), 1119 (m), 1067 (m), 1040 (m), 967 (m), 952 
(m), 892 (m), 859 (m), 820 (m), 741 (s), 724 (m), 681 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 8.58 
(1H, s, N=CH), 8.26-8.22 (2H, m, Ar-H), 7.95-7.87 (3H, m, Ar-H), 7.58-7.52 (2H, m, Ar-H), 
7.26-7.23 (2H, m, Ar-H), 7.22-7.17 (1H, m, Ar-H), 7.06-7.04 (1H, m, Ar-H), 2.49 (3H, s, ArSCH3). 
13C NMR (400 MHz, CDCl3): δ 160.0, 149.3, 135.3, 134.3, 134.1, 133.2, 131.5, 129.0, 128.8, 128.1, 
 5
127.7, 126.7, 126.6, 125.4, 124.7, 124.3, 117.6, 15.0. 
 
H
N
MeS
 
(2-Methylsulfanyl-phenyl)-naphthalen-1-ylmethylene-amine. 3.49i Yellow solid; m. p. = 91-93 °C. 
IR (neat): 3054 (m), 2917 (m), 1637 (s), 1610 (m), 1588 (m), 1567 (m), 1509 (s), 1481 (m), 1460 (m), 
1437 (m), 1336 (m), 1267 (m), 1201 (m), 1084 (m), 1068 (m), 1041 (m), 803 (s), 775 (m), 737 (m) 
cm-1. 1H NMR (400 MHz, CDCl3): δ 9.30 (1H, dd, J = 8.4; 0.8 Hz, Ar-H), 9.03 (1H, s, N=CH), 8.12 
(1H, dd, J = 7.2; 1.2 Hz, Ar-H), 7.99 (1H, d, J = 8.4 Hz, Ar-H), 7.93 (1H, d, J = 8.0 Hz, Ar-H), 
7.70-7.66 (1H, m, Ar-H), 7.61-7.55 (2H, m, Ar-H), 7.27-7.20 (3H, m, Ar-H), 7.10-7.08 (1H, m, Ar-H), 
2.51 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 160.3, 149.8, 134.4, 134.1, 132.3, 131.6, 131.5, 
131.1, 128.8, 127.9, 126.6, 126.4, 125.4, 124.9, 124.5, 117.5, 14.9. Elemental analysis for C18H15NS, 
calcd.: C, 77.94; H, 5.45; N, 5.05; found: C, 77.97; H, 5.49; N, 4.89. 
 
N
H
MeS
F3C  
(2-Methylsulfanyl-phenyl)-(3-phenyl-prop-2-ynylidene)-amine. 3.49j Yellow solid; m. p. = 75-77 
°C. IR (neat): 3067 (w), 2989 (w), 2922 (w), 2880 (w), 1622 (m), 1438 (m), 1320 (s), 1279 (m), 1154 
(s), 1116 (s), 1104 (s), 1062 (s), 1040 (m), 1014 (m), 967 (m), 949 (m), 882 (m), 853 (m), 842 (m), 
829 (m), 766 (m), 752 (s), 737 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 8.48 (1H, s, N=CH), 8.08 
(2H, d, J = 8.0 Hz, Ar-H), 7.74 (2H, d, J = 8.0 Hz, Ar-H), 7.28-7.24 (2H, m, Ar-H), 7.21-7.17 (1H, m, 
Ar-H), 7.03 (1H, dd, J = 8.0; 0.8 Hz, Ar-H), 2.49 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 
158.2, 148.4, 139.3, 134.6, 133.0 (q, J = 32.2 Hz), 129.2, 127.2, 125.8 (q, J = 3.8 Hz), 125.3, 124.7, 
124.0 (q, J = 271 Hz), 117.4, 14.8.  
 
 6
NH
MeS
O  
Furan-3-ylmethylene-(2-methylsulfanyl-phenyl)-amine. 3.49k Brown solid; m. p. = 49-51 °C. IR 
(neat): 3127 (w), 3055 (w), 2982 (w), 2918 (w), 1627 (s), 1574 (m), 1511 (m), 1465 (s), 1437 (s), 1357 
(m), 1266 (m), 1201 (s), 1152 (m), 1073 (m), 1042 (m), 1010 (m), 971 (s), 872 (m), 801 (m), 776 (s) 
cm-1. 1H NMR (400 MHz, CDCl3): δ 8.34 (1H, s, N=CH), 7.88-7.87 (1H, m, Ar-H), 7.49-7.48 (2H, m, 
Ar-H), 7.20-7.19 (2H, m, Ar-H), 7.17-7.12 (1H, m, Ar-H), 7.02-7.01 (1H, m, Ar-H), 6.93-6.91 (1H, m, 
Ar-H), 2.45 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 152.0, 149.6, 146.8, 144.4, 133.6, 126.3, 
126.2, 125.3, 124.7, 117.7, 108.2, 14.9. Elemental analysis for C12H11NOS, calcd.: C, 66.33; H, 5.10; 
N, 6.45; found: C, 66.00; H, 4.97; N, 6.33. 
 
N
H
MeS
N
Boc  
3-[(2-Methylsulfanyl-phenylimino)-methyl]-indole-1-carboxylic acid tert-butyl ester. 3.49l Yellow 
oil; IR (neat): 3054 (w), 2976 (w), 2919 (w), 2860 (w), 1736 (s), 1621 (s), 1554 (m), 1463 (s), 1450 (s), 
1371 (s), 1345 (m), 1330 (m), 1305 (m), 1260 (m), 1233 (s), 1149 (s), 1129 (s), 1092 (s), 1069 (m), 
1041 (m), 1017 (m), 861 (m), 835 (m), 747 (s), 724 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 
8.77-8.74 (1H, m, Ar-H), 8.63 (1H, s, N=CH), 8.18-8.16 (1H, m, Ar-H), 8.03 (1H, s, Ar-H), 7.44-7.39 
(2H, m, Ar-H), 7.23-7.20 (2H, m, Ar-H), 7.19-7.15 (1H, m, Ar-H), 7.06 (1H, d, J = 7.6 Hz, Ar-H), 
2.49 (3H, s, ArSCH3), 1.71 (9H, s, C(CH3)3). 13C NMR (400 MHz, CDCl3): δ 153.2, 149.4, 149.3, 
136.3, 134.8, 131.7, 127.6, 126.4, 125.7, 125.2, 124.3, 124.3, 123.4, 120.0, 117.0, 115.0, 84.8, 28.3, 
14.8. HRMS calcd for C21H23N2O2S (M+H): 367.14802, Found: 367.14857. 
 
 7
NH
MeS
 
(2-Methylsulfanyl-phenyl)-(3-phenyl-prop-2-ynylidene)-amine. 3.52a Yellow solid; m. p. = 74-76 
°C. IR (neat): 3054 (m), 2980 (m), 2918 (m), 2856 (m), 2197 (s), 1597 (s), 1585 (s), 1572 (s), 1488 
(m), 1462 (m), 1435 (s), 1351 (m), 1320 (m), 1265 (m), 1200 (m), 1178 (m), 1160 (m), 1068 (m), 
1017 (s), 949 (m), 848 (m), 754 (s), 742 (s), 686 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.83 (1H, s, 
N=CH), 7.57-7.55 (1H, m, Ar-H), 7.38-7.32 (3H, m, Ar-H), 7.22-7.18 (2H, m, Ar-H), 7.12-7.08 (1H, 
m, Ar-H), 6.86 (1H, dd, J = 7.6; 0.8 Hz, Ar-H), 2.43 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 
149.0, 144.0, 134.4, 132.6, 130.0, 128.6, 127.5, 125.4, 125.2, 121.6, 117.5, 95.5, 87.8, 15.2. Elemental 
analysis for C16H13NS, calcd.: C, 76.46; H, 5.21; N, 5.57; found: C, 76.44; H,4.89; N, 5.43. 
 
N
H
MeS
MeO  
[3-(4-Methoxy-phenyl)-prop-2-ynylidene]-(2-methylsulfanyl-phenyl)-amine. 3.52b Yellow solid; 
m. p. = 102-104 °C. IR (neat): 2915 (w), 2837 (w), 2197 (s), 1602 (s), 1584 (s), 1559 (s), 1505 (s), 
1459 (s), 1439 (s), 1352 (m), 1267 (s), 1169 (s), 1032 (s), 830 (s), 761 (s), 732 (m), 669 (m) cm-1. 1H 
NMR (400 MHz, CDCl3): δ 7.85 (1H, s, N=CH), 7.55 (1H, d, J = 9.2 Hz, Ar-H), 7.26-7.20 (2H, m, 
Ar-H), 7.17-7.12 (1H, m, Ar-H), 6.92-6.88 (3H, m, Ar-H), 3.84 (3H, s, ArOCH3), 2.43 (3H, s, 
ArSCH3). 13C NMR (400 MHz, CDCl3): δ 161.1, 149.2, 144.2, 134.4, 134.3, 127.3, 125.4, 125.2, 
117.5, 114.4, 113.5, 96.3, 87.3, 55.5, 15.2.  
 
 8
TIPS
N
H
MeS
 
(2-Methylsulfanyl-phenyl)-(3-triisopropylsilanyl-prop-2-ynylidene)-amine. 3.52d Yellow oil; IR 
(neat): 3057 (w), 2942 (s), 2890 (m), 2864 (s), 2726 (w), 1590 (s), 1574 (m), 1461 (s), 1437 (m), 1384 
(m), 1076 (m), 1057 (s), 1018 (m), 996 (m), 920 (m), 881 (s), 752 (s), 734 (m), 703 (m), 664 (s), 597 
(m), 583 (m), 532 (m), 460 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.71 (0.5H, s, N=CH), δ 7.67 
(1H, s, N=CH), 7.25-7.19 (3H, m, Ar-H), 7.14-7.08 (1.5H, m, Ar-H), 7.03-7.01 (0.5H, m, Ar-H), 
6.86-6.84 (1H, m, Ar-H), 2.45 (3H, s, ArSCH3), 2.45 (1.5H, s, ArSCH3), 1.18-1.09 (21H, m, 
Si(CH(CH3)2)3), 1.01-0.93 (10.5H, m, Si(CH(CH3)2)3). 13C NMR (400 MHz, CDCl3): δ 149.0, 148.8, 
144.0, 143.3, 134.2, 130.9, 127.4, 126.1, 126.0, 125.3, 125.1, 125.1, 119.4, 117.5, 104.2, 102.7, 99.9, 
99.8, 18.7, 18.5, 15.7, 15.1, 11.3, 11.1.  
 
HN
MeS
OMe
O  
5-Methyl-5-[(2-methylsulfanyl-phenylamino)-phenyl-methyl]-5H-furan-2-one. 3.50a White solid; 
m. p. = 125-127 °C. IR (neat): 3368 (w), 3064 (w), 2986 (w), 2921 (w), 1760 (s), 1587 (s), 1499 (s), 
1451 (m), 1426 (w), 1319 (m), 1279 (m), 1235 (m), 1195 (m), 1163 (m), 1140 (m), 1104 (m), 1072 
(m), 1038 (s), 965 (m), 947 (m), 911 (m), 818 (m), 778 (m), 748 (m), 702 (m) cm-1. 1H NMR (400 
MHz, CDCl3): δ 7.41-7.38 (2H, m, Ar-H), 7.30-7.24 (5H, m, Ar-H), 7.03-6.99 (1H, m, Ar-H), 
6.64-6.60 (1H, m, Ar-H), 6.40 (1H, d, J = 8.0 Hz, CH=CH), 5.94 (1H, d, J = 5.6 Hz, CH=CH), 5.89 
(1H, d, J = 8.4 Hz, CHNH), 4.68 (1H, d, J = 8.4 Hz, NHCH), 2.36 (3H, s, ArSCH3), 1.64 (3H, s, 
CCH3). 13C NMR (400 MHz, CDCl3): δ 171.8, 158.1, 146.8, 137.9, 134.4, 129.4, 128.8, 128.4, 127.7, 
121.9, 121.0, 118.0, 111.2, 90.2, 63.5, 22.5, 18.7. Elemental analysis for C19H19NO2S, calcd.: C, 70.12; 
H, 5.88; N, 4.30; found: C, 70.32; H, 5.77; N, 4.08. Optical rotation: [α]D20 0.734 (c 1.18, CHCl3) for 
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a 94% ee sample. The enantiomeric purity was determined by chiral HPLC analysis (OD, 95:5 
hexanes:i-PrOH, 1.0 mL/min, 254 nm) tR 19 min (minor) and tR 27 min (major). 
 
Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 19.3 50.2 27.8 49.8 
Catalytic Product 19.3 1.8 26.9 98.2 
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The enantiomeric purity was determined by chiral HPLC analysis (OD, 90:10 hexanes:i-PrOH, 1.0 
mL/min, 254 nm) tR 66 min (minor) and tR 75 min (major). 
 
Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 65.1 49.6 75.3 50.4 
Catalytic Product 65.8 1.4 74.8 98.6 
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5-[(4-Methoxy-phenyl)-(2-methylsulfanyl-phenylamino)-methyl]-5-methyl-5H-furan-2-one. 3.50c 
White solid; m. p. = 134-136 °C. IR (neat): 3343 (w), 2958 (m), 2923 (s), 2853 (m), 1755 (s), 1610 
(m), 1586 (s), 1510 (s), 1500 (s), 1453 (m), 1305 (m), 1278 (m), 1246 (s), 1177 (m), 1139 (m), 1101 
(m), 1032 (m), 965 (m), 947 (m), 917 (m), 841 (s), 818 (m), 747 (m), 723 (m) cm-1. 1H NMR (400 
MHz, CDCl3): δ 7.39-7.37 (2H, m, Ar-H), 7.21-7.19 (2H, m, Ar-H), 7.04-6.99 (1H, m, Ar-H), 
6.83-6.81 (2H, m, Ar-H), 6.64-6.60 (1H, m, Ar-H), 6.39 (1H, d, J = 8.0 Hz, CH=CH), 5.95 (1H, d, J = 
6.0 Hz, CH=CH), 5.83 (1H, d, J = 8.0 Hz, CHNH), 4.63 (1H, d, J = 8.4 Hz, NHCH), 3.76 (3H, s, 
ArOCH3), 2.36 (3H, s, ArSCH3), 1.62 (3H, s, CCH3). 13C NMR (400 MHz, CDCl3): δ 171.9, 159.5, 
158.2, 146.9, 134.4, 129.8, 129.5, 121.9, 121.0, 118.0, 114.2, 111.3, 90.5, 63.0, 55.3, 22.5, 18.7. 
HRMS calcd for C20H22NO3S (M+H): 356.13204, Found: 356.13402. Optical rotation: [α]D20 13.54 
(c 0.32, CHCl3) for a 94% ee sample. The enantiomeric purity was determined by chiral HPLC 
analysis (OD, 95:5 hexanes:i-PrOH, 1.0 mL/min, 254 nm) tR 29 min (minor) and tR 35 min (major). 
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 Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 28.7 50.8 36.1 49.2 
Catalytic Product 28.7 1.3 34.6 98.7 
 
HN
MeS
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Br
 
5-[(3-Bromo-phenyl)-(2-methylsulfanyl-phenylamino)-methyl]-5-methyl-5H-furan-2-one. 3.50e 
White solid; m. p. = 155-157 °C. IR (neat): 3363 (w), 3068 (w), 2922 (s), 2852 (m), 1760 (s), 1587 (s), 
 13
1499 (s), 1471 (m), 1452 (m), 1431 (m), 1319 (m), 1192 (m), 1141 (m), 1105 (m), 965 (m), 948 (m), 
819 (m), 790 (s), 747 (s), 696(m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.43-7.38 (4H, m, Ar-H), 
7.26-7.24 (1H, m, Ar-H), 7.20-7.16 (1H, m, Ar-H), 7.06-7.01 (1H, m, Ar-H), 6.68-6.64 (1H, m, Ar-H), 
6.35 (1H, d, J = 7.6 Hz, CH=CH), 5.98 (1H, d, J = 5.6 Hz, CH=CH), 5.86 (1H, d, J = 8.4 Hz, CHNH), 
4.62 (1H, d, J = 8.0 Hz, NHCH), 2.37 (3H, s, ArSCH3), 1.64 (3H, s, CCH3). 13C NMR (400 MHz, 
CDCl3): δ 171.6, 157.8, 146.4, 140.5, 134.5, 131.6, 130.9, 130.5, 129.5, 126.3, 122.9, 122.2, 121.2, 
118.5, 111.2, 89.8, 63.2, 22.5, 18.8. HRMS calcd for C19H19BrNO2S (M+H): 404.03199, Found: 
404.03043. Optical rotation: [α]D20 -6.93 (c 1.00, CHCl3) for a 91% ee sample. 
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Br
 
5-[(4-Bromo-phenyl)-(2-methylsulfanyl-phenylamino)-methyl]-5-methyl-5H-furan-2-one. 3.50f 
White solid; m. p. = 134-136 °C. IR (neat): 3372 (w), 3065 (w), 2984 (w), 2921 (w), 1760 (s), 1588 
(s), 1500 (s), 1452 (m), 1427 (m), 1319 (m), 1192 (m), 1140 (m), 1107 (m), 1072 (m), 1010 (m), 950 
(m), 839 (m), 818 (s), 748 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.43-7.37 (4H, m, Ar-H), 7.19-7.16 
(2H, m, Ar-H), 7.04-6.99 (1H, m, Ar-H), 6.67-6.63 (1H, m, Ar-H), 6.33 (1H, d, J = 8.0 Hz, CH=CH), 
5.95 (1H, d, J = 5.6 Hz, CH=CH), 5.87 (1H, d, J = 8.4 Hz, CHNH), 4.63 (1H, d, J = 8.0 Hz, NHCH), 
2.37 (3H, s, ArSCH3), 1.65 (3H, s, CCH3). 13C NMR (400 MHz, CDCl3): δ 171.6, 157.9, 146.4, 137.0, 
134.4, 132.0, 129.4, 122.4, 122.2, 121.2, 118.4, 111.2, 89.8, 63.0, 22.4, 18.7. HRMS calcd for 
C19H19BrNO2S (M+H): 404.03199, Found: 404.03340. Optical rotation: [α]D20 14.00 (c 0.30, CHCl3) 
for a 96% ee sample. The enantiomeric purity was determined by chiral HPLC analysis (OD, 95:5 
hexanes:i-PrOH, 1.0 mL/min, 254 nm) tR 31 min (minor) and tR 40 min (major). 
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 Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 30.9 51.6 40.5 48.4 
Catalytic Product 31.2 1.0 40.2 99.0 
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5-[Furan-2-yl-(2-methylsulfanyl-phenylamino)-methyl]-5-methyl-5H-furan-2-one. 3.50g IR (neat): 
3350 (br), 3072 (m), 2984 (m), 2922 (m), 2854 (m), 1752 (s), 1586 (s), 1497 (s), 1450 (m), 1426 (m), 
 15
1377 (m), 1314 (m), 1276 (m), 1233 (m), 1147 (m), 1105 (m), 1069 (m), 1050 (m), 1038 (m), 1011 
(m), 966 (m), 950 (m), 916 (m), 900 (m), 884 (m), 861 (m), 815 (s), 739 (s), 684 (m), 597 (m) cm-1. 
1H NMR (400 MHz, CDCl3): δ 7.53 (2H, d, J = 6.0 Hz, Ar-H), 7.39 (1H, dd, J = 7.6; 1.6 Hz, Ar-H), 
7.35-7.34 (1H, m, Ar-H), 7.14-7.10 (1H, m, Ar-H), 6.70-6.66 (1H, m, Ar-H), 6.57 (1H, d, J = 8.4 Hz, 
CH=CH), 6.29-6.26 (2H, m, Ar-H), 6.08 (1H, d, J = 6.0 Hz, CH=CH), 5.54 (1H, d, J = 9.2 Hz, 
CHNH), 4.81 (1H, d, J = 9.2 Hz, NHCH), 2.28 (3H, s, ArSCH3), 1.59 (3H, s, CCH3). 13C NMR (400 
MHz, CDCl3): δ 171.8, 157.5, 151.2, 146.8, 142.4, 134.6, 129.6, 122.3, 121.4, 118.6, 114.2, 111.3, 
110.8, 108.8, 89.9, 57.8, 21.9, 18.6. HRMS calcd for C17H18NO3S (M+H): 316.10074, Found: 
316.09947. Optical rotation: [α]D20 109.6 (c 0.62, CHCl3) for a 94% ee sample. The enantiomeric 
purity was determined by chiral HPLC analysis (OD, 95:5 hexanes:i-PrOH, 1.0 mL/min, 254 nm) tR 
18 min (minor) and tR 23 min (major). 
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5-Methyl-5-[(2-methylsulfanyl-phenylamino)-naphthalen-2-yl-methyl]-5H-furan-2-one. 3.50h 
White solid; m. p. = 163-165 °C. IR (neat): 3338 (w), 3056 (w), 3020 (w), 2924 (w), 2855 (w), 1744 
(s), 1587 (s), 1501 (s), 1430 (m), 1371 (m), 1311 (m), 1235 (m), 1168 (m), 1140 (m), 1123 (m), 1101 
(s), 1038 (w), 955 (m), 920 (s), 835 (m), 817 (s), 758 (s), 745 (s), 736 (m), 476 (s) cm-1. 1H NMR (400 
MHz, CDCl3): δ 7.82-7.76 (4H, m, Ar-H), 7.49-7.38 (5H, m, Ar-H), 6.99-6.96 (1H, m, Ar-H), 
6.63-6.60 (1H, m, Ar-H), 6.45 (1H, d, J = 8.4 Hz, CH=CH), 6.00 (1H, d, J = 8.0 Hz, CH=CH), 5.92 
(1H, d, J = 5.2 Hz, CHNH), 4.86 (1H, d, J = 8.0 Hz, NHCH), 2.40 (3H, s, ArSCH3), 1.68 (3H, s, 
CCH3). 13C NMR (400 MHz, CDCl3): δ 171.8, 158.0, 146.8, 135.6, 134.4, 133.3, 133.2, 129.4, 128.8, 
128.1, 127.8, 127.1, 126.5, 126.4, 125.2, 122.0, 121.1, 118.2, 111.4, 90.4, 63.8, 22.7, 18.8. Optical 
rotation: [α]D20 -16.731 (c 0.47, CHCl3) for a 96% ee sample.  
 
HN
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O
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5-Methyl-5-[(2-methylsulfanyl-phenylamino)-(4-trifluoromethyl-phenyl)-methyl]-5H-furan-2-on
e. 3.50j White solid; m. p. = 138-140 °C. IR (neat): 3360 (w), 3073 (w), 2986 (w), 2924 (w), 2854 (w), 
1757 (s), 1619 (w), 1587 (m), 1499 (s), 1452 (m), 1421 (m), 1322 (s), 1279 (m), 1235 (m), 1196 (s), 
1163 (s), 1115 (s), 1066 (s), 1038 (m), 1017 (m), 955 (m), 916 (m), 847 (m), 817 (s), 745 (s) cm-1. 1H 
NMR (400 MHz, CDCl3): δ 7.56 (2H, d, J = 8.0 Hz, Ar-H), 7.44-7.39 (4H, m, Ar-H), 7.02-7.01 (1H, 
m, Ar-H), 6.68-6.66 (1H, m, Ar-H), 6.32 (1H, dd, J = 0.8; 8.4 Hz, CH=CH), 5.96-5.93 (2H, m, 
CH=CH; CHNH), 4.73 (1H, d, J = 8.4 Hz, NHCH), 2.39 (3H, s, ArSCH3), 1.67 (3H, s, CCH3). 13C 
NMR (400 MHz, CDCl3): δ 171.4, 157.8, 146.3, 142.1, 130.7 (q, J = 32.7), 129.4, 128.2, 125.8 (q, J = 
 17
3.8 Hz), 124.0 (q, J = 271 Hz), 122.2, 121.3, 118.6, 111.1, 89.6, 63.3, 22.4, 18.8. HRMS calcd for 
C20H19F3NO2S (M+H): 394.10886, Found: 394.10696. Elemental analysis for C20H18F3NO2S, calcd.: 
C, 61.06; H, 4.61; N, 3.56; found: C, 60.93; H, 4.47; N, 3.21. Optical rotation: [α]D20 -2.22 (c 1.83, 
CHCl3) for a 93% ee sample. 
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5-[Furan-3-yl-(2-methylsulfanyl-phenylamino)-methyl]-5-methyl-5H-furan-2-one. 3.50k Orange 
Solid; m. p. = 115-117°C. IR (neat): 3357 (w), 3138 (w), 3083 (w), 2924 (w), 2853 (w), 1748 (s), 
1581 (m), 1498 (s), 1433 (m), 1311 (m), 1283 (m), 1248 (m), 1163 (m), 1106 (m), 1073 (m), 1042 (m), 
1023 (m), 949 (m), 904 (m), 873 (m), 824 (s), 796 (m), 746 (s), 796 (m), 686 (m), 600 (s), 518 (w), 
443 (w) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.43-7.34 (4H, m Ar-H), 7.13-7.09 (1H, m, Ar-H), 
6.70-6.66 (1H, m, Ar-H), 6.46 (1H, d, J = 8.0 Hz, CH=CH), 6.38 (1H, t, J= 0.8 Hz, Ar-H) 6.06 (1H, d, 
J = 6 Hz, CH=CH), 5.50(1H, d, J = 8.8 Hz, CHNH), 4.65 (1H, d, J = 9.2 Hz, NHCH), 2.33 (3H, s, 
ArSCH3), 1.62 (3H, s, CCH3). 13C NMR (400 MHz, CDCl3): δ 172.0, 158.5, 146.8, 143.8, 140.7, 
134.5, 129.5, 123.0, 122.1, 121.2, 118.4, 111.3, 109.6, 90.4, 56.0, 21.4, 18.7. HRMS calcd for 
C17H18NO3S (M+H): 316.10074, Found: 316.10139. Optical rotation: [α]D20 25.42 (c 1.13, CHCl3) for 
a 95% ee sample. 
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5-Methyl-5-[1-(2-methylsulfanyl-phenylamino)-3-phenyl-prop-2-ynyl]-5H-furan-2-one. 3.53a 
Yellow oil; IR (neat): 3340 (br), 3064 (w), 2984 (w), 2922 (w), 1758 (s), 1586 (m), 1491 (s), 1450 (m), 
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1425 (m), 1375 (m), 1313 (m), 1277 (m), 1234 (m), 1163 (m), 1140 (m), 1107 (m), 1071 (s), 1038 (m), 
990 (m), 960 (m), 910 (s), 816 (m), 729 (s), 690 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.59 (1H, d, 
J = 6.0 Hz, Ar-H), 7.45-7.42 (1H, m, Ar-H), 7.38-7.36 (2H, m, Ar-H), 7.33-7.29 (3H, m, Ar-H), 
7.23-7.21 (1H, m, Ar-H), 6.82 (1H, d, J = 8.0 Hz, CH=CH), 6.79-6.75 (1H, m, ArH), 6.26 (1H, d, J = 
6.0 Hz, CH=CH), 5.20 (1H, d, J = 9.2 Hz, CHNH), 4.64 (1H, d, J = 9.2 Hz, NHCH), 2.31 (3H, s, 
ArSCH3), 1.79 (3H, s, CCH3). 13C NMR (400 MHz, CDCl3): δ 171.7, 157.2, 146.7, 134.5, 131.9, 
129.6, 128.9, 128.5, 123.2, 122.1, 119.2, 112.1, 89.8, 86.2, 85.1, 53.3, 29.8, 21.4, 18.7. HRMS calcd 
for C21H20NO2S (M+H): 350.12147, Found: 350.12270. Optical rotation: [α]D20 125.1 (c 2.00, CHCl3) 
for a dr 8:1, anti 88% ee sample. 
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5-[3-(4-Methoxy-phenyl)-1-(2-methylsulfanyl-phenylamino)-prop-2-ynyl]-5-methyl-5H-furan-2-
one. 3.53b Yellow oil; IR (neat): 2922 (w), 1763 (s), 1605 (m), 1587 (m), 1509 (s), 1452 (m), 1291 
(m), 1249 (s), 1173 (m), 1139 (m), 1108 (m), 1031 (m), 960 (m), 917 (m), 834 (m), 818 (m), 748 (m) 
cm-1. 1H NMR (400 MHz, CDCl3): δ 7.59 (1H, d, J = 5.6 Hz, Ar-H), 7.42 (1H, dd, J = 7.6, 1.6 Hz, 
Ar-H), 7.31-7.29 (2H, m, Ar-H), 7.24-7.20 (1H, m, Ar-H), 6.82-6.80 (3H, m, Ar-H, CH=CH), 
6.77-6.73 (1H, m, ArH), 6.25 (1H, d, J = 5.6 Hz, CH=CH), 5.17 (1H, d, J = 9.2 Hz, CHNH), 4.62 (1H, 
d, J = 9.2 Hz, NHCH), 3.80 (3H, s, ArOCH3), 2.30 (3H, s, ArSCH3), 1.78 (3H, s, CCH3). 13C NMR 
(400 MHz, CDCl3): δ 171.8, 160.1, 157.3, 146.8, 134.5, 133.3, 129.6, 123.1, 122.0, 119.1, 114.1, 
112.1, 90.0, 86.2, 83.8, 55.4, 53.4, 29.8, 21.5, 18.7. HRMS calcd for C22H22NO3S (M+H): 380.13204, 
Found: 380.13422. Optical rotation: [α]D20 155.9 (c 1.76, CHCl3) for a dr 9:1, anti 85% ee sample. 
 
 19
HN
MeS
O
O 
5-[3-Cyclopropyl-1-(2-methylsulfanyl-phenylamino)-prop-2-ynyl]-5-methyl-5H-furan-2-one. 
3.53c Yellow oil; IR (neat): 3345 (w), 3073 (w), 2922 (s), 2852 (w), 1762 (s), 1587 (m), 1451 (s), 
1315 (m), 1276 (m), 1237 (m), 1161 (m), 1136 (m), 1110 (m), 1053 (m), 964 (m), 916 (m), 818 (m), 
747 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.50 (1H, d, J = 5.6 Hz, Ar-H), 7.40 (1H, dd, J = 8.0, 1.6 
Hz, Ar-H), 7.21-7.17 (2H, m, Ar-H), 6.72 (1H, d, J = 8.0 Hz, CH=CH), 6.20 (1H, d, J = 5.6 Hz, 
CH=CH), 5.01 (1H, d, J = 9.2 Hz, CHNH), 4.34 (1H, dd, J = 9.2, 1.6 Hz, NHCH), 2.28 (3H, s, 
ArSCH3), 1.68 (3H, s, CCH3), 1.25-1.19 (1H, m, CH2CHCH2), 0.76-0.72 (2H, m, CH2CHCH2), 
0.63-0.60 (2H, m, CH2CHCH2). 13C NMR (400 MHz, CDCl3): δ 157.4, 146.9, 134.5, 129.6, 122.9, 
118.9, 112.0, 90.1, 90.0, 71.2, 52.9, 29.8, 21.4, 18.7, 8.4, 8.4, -0.5. HRMS calcd for C18H19NO2NaS 
(M+Na): 336.1034, Found: 336.1021. Optical rotation: [α]D20 111.5 (c 1.18, CHCl3) for a dr 5:1, anti 
88% ee sample. 
 
H
N
MeS OMe
 
Benzylidene-(4-methoxy-2-methylsulfanyl-phenyl)-amine. Yellow solid; m. p. = 53-55 °C. IR 
(neat): 2997 (m), 2936 (m), 2833 (m), 1622 (s), 1584 (m), 1476 (m), 1436 (m), 1292 (m), 1270 (m), 
1226 (m), 1190 (m), 1058 (m), 1041 (m), 969 (s), 866 (s), 832 (m), 797 (s) 758 (s) 692 (s) cm-1. 1H 
NMR (400 MHz, CDCl3): δ 8.43 (1H, s, N=CH), 7.95-7.92 (2H, m, Ar-H), 7.48-7.45 (3H, m, Ar-H), 
7.01 (1H, d, J = 8.8 Hz, Ar-H), 6.77 (1H, d, J = 2.8 Hz, Ar-H), 6.68 (1H, dd, J = 8.4; 2.4 Hz, Ar-H), 
3.84 (3H, s, ArOCH3), 2.46 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 158.8, 158.0, 142.1, 
136.9, 136.5, 131.2, 128.9, 128.8, 117.8, 110.9, 109.5, 55.7, 14.9. Elemental analysis for C15H15NOS, 
calcd.: C, 70.01; H, 5.87; N, 5.44; found: C, 70.02; H, 6.03; N, 5.46. 
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(4-Bromo-benzylidene)-(4-methoxy-2-methylsulfanyl-phenyl)-amine. Yellow solid; m. p. = 
100-102 °C. IR (neat): 2916 (m), 2833 (m), 1620 (s), 1589 (m), 1486 (m), 1435 (m), 1292 (m), 1270 
(m), 1226 (m), 1066 (m), 1042 (m), 866 (m), 821 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 8.38 (1H, s, 
N=CH), 7.80 (2H, dd, J = 6.8; 2.0 Hz, Ar-H), 7.59 (2H, dd, J = 6.8; 2.0 Hz, Ar-H), 7.02 (1H, d, J = 
8.8 Hz, Ar-H), 6.76 (1H, d, J = 2.4 Hz, Ar-H), 6.67 (1H, dd, J = 8.8; 2.8 Hz, Ar-H), 3.84 (3H, s, 
ArOCH3), 2.45 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 159.1, 156.3, 141.6, 137.2, 135.5, 
132.1, 130.2, 125.7, 117.6, 110.9, 109.5, 55.7, 14.8. Elemental analysis for C15H14BrNOS, calcd.: C, 
53.58; H, 4.20; N, 4.17; found: C, 53.48; H, 4.04; N, 4.11. 
 
H
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(4-Methoxy-2-methylsulfanyl-phenyl)-(4-nitro-benzylidene)-amine. Red solid; m. p. = 108-110 °C. 
IR (neat): 2968 (m), 2922 (m), 1620 (s), 1596 (m), 1576 (m), 1519 (s), 1482 (m), 1459 (m), 1341 (m), 
1298 (m), 1270 (m), 1225 (b), 1105 (m), 1031 (m), 845 (s), 687 (s) cm-1. 1H NMR (400 MHz, CDCl3): 
δ 8.52 (1H, s, N=CH), 8.31 (2H, dd, J = 6.8; 2.0 Hz, Ar-H), 8.09 (2H, dd, J = 6.8; 2.0 Hz, Ar-H), 7.10 
(1H, d, J = 8.4 Hz, Ar-H), 6.77 (1H, d, J = 2.8 Hz, Ar-H), 6.70 (1H, dd, J = 8.4; 2.4 Hz, Ar-H), 3.86 
(3H, s, ArOCH3), 2.47 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 159.8, 154.0, 149.1, 142.0, 
140.5, 138.6, 129.4, 124.1, 117.5, 110.8, 109.6, 55.7, 14.7. Elemental analysis for C15H14N2O3S, calcd.: 
C, 59.59; H, 4.67; N, 9.27; found: C, 59.33; H, 4.42; N, 9.18. 
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(4-Methoxy-benzylidene)-(4-methoxy-2-methylsulfanyl-phenyl)-amine. Yellow solid; m. p. = 
84-86 oC. IR (neat): 3070 (w), 2997 (m), 2933 (m), 2915 (m), 2834 (m), 1600 (s), 1575 (s), 1510 (s), 
1476 (s), 1464 (s), 1435 (m), 1421 (m), 1368 (m), 1309 (m), 1291 (m), 1247 (s), 1225 (s), 1193 (m), 
1179 (m), 1160 (s), 1106 (m), 1057 (m), 1027 (s), 971 (m), 869 (m), 830 (s), 805 (s), 753 (m), 512 (s) 
cm-1. 1H NMR (400 MHz, CDCl3): δ 8.35 (1H, s, N=CH), 7.87-7.89 (2H, m, Ar-H), 6.96-6.99 (3H, m, 
Ar-H), 6.76 (1H, d, J = 2.8 Hz, Ar-H), 6.67 (1H, dd J = 8.8; 2.8 Hz, Ar-H), 3.87 (3H, s, ArOCH3), 
3.84 (3H, s, ArOCH3), 2.45 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 162.2, 158.4, 157.4, 
142.6, 136.4, 130.6, 129.7, 117.7, 114.2, 111.0, 109.6, 55.7, 55.6, 15.0. Elemental analysis for 
C16H17NO2S, calcd.: C, 66.87; H, 5.96; N, 4.87; found: C, 66.87; H, 5.77; N, 4.91. HRMS calcd for 
C16H18NO2S (M+H): 288.10582, Found: 288.10571. 
 
H
N
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O
OMe
 
Furan-2-ylmethylene-(4-methoxy-2-methylsulfanyl-phenyl)-amine. Yellow solid; m. p. = 65-67 °C. 
IR (neat): 1613 (s), 1584 (m), 1557 (m), 1486 (s), 1466 (s), 1433 (m), 1389 (s), 1294 (s), 1281 (m), 
1196 (m), 1152 (m), 1074 (m), 1041 (m), 1015 (s), 936 (m), 802 (s), 757 (s), 716 (s) cm-1. 1H NMR 
(400 MHz, CDCl3): δ 8.24 (1H, s, N=CH), 7.61-7.60 (1H, m, Ar-H), 6.98-6.96 (2H, m, Ar-H), 6.76 
(1H, d, J = 2.4 Hz, Ar-H), 6.66 (1H, dd, J = 8.8; 2.8 Hz, Ar-H), 6.54 (1H, dd, J = 3.2; 1.6 Hz, Ar-H), 
3.84 (3H, s, ArOCH3), 2.45 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 152.3, 149.1, 147.9, 
145.9, 134.2, 126.6, 125.3, 124.9, 117.5, 116.2, 112.3, 15.0. Elemental analysis for C13H13NO2S, 
calcd.: C, 63.13; H, 5.30; N, 5.66; found: C, 62.99; H, 5.35; N, 5.59. 
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(4-Methoxy-2-methylsulfanyl-phenyl)-thiophen-2-ylmethylene-amine. Yellow solid; IR (neat): 
3073 (w), 2916 (m), 2832 (m), 1602 (s), 1581 (m), 1560 (m), 1475 (m), 1423 (s), 1291 (m), 1270 (m), 
1238 (m), 1223 (m), 1190 (s), 1057 (m), 1038 (s), 832 (m), 813 (m), 798 (m), 709 (s), 522 (m), 496 (m) 
cm-1. 1H NMR (400 MHz, CDCl3): δ 8.52 (1H, s, N=CH), 7.49-7.47 (1H, m, Ar-H), 7.45 (1H, dd, J = 
3.6; 1.6 Hz, Ar-H), 7.12-7.10 (2H, m, Ar-H), 6.99 (1H, d, J = 8.8 Hz, Ar-H), 6.75 (1H, d, J = 2.8 Hz, 
Ar-H), 6.66 (1H, dd, J = 8.4; 2.4 Hz, Ar-H), 3.83 (3H, s, ArOCH3), 2.44 (3H, s, ArSCH3). 13C NMR 
(400 MHz, CDCl3): δ 158.8, 150.8, 143.4, 141.8, 136.9, 131.6, 130.3, 127.8, 117.8, 111.1, 109.6, 55.6, 
14.9.  
 
N
H
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(2-Bromo-benzylidene)-(4-methoxy-2-methylsulfanyl-phenyl)-amine. Yellow solid; m. p. = 80-82 
oC. IR (neat): 3059 (w), 2998 (m), 2956 (m), 2937 (m), 2914 (m), 2832 (m), 1610 (m), 1584 (m), 1574 
(s), 1481 (s), 1464 (m), 1432 (s), 1359 (m), 1296 (m), 1269 (s), 1238 (s), 1223 (s), 1191 (m), 1157 (m), 
1057 (m), 1036 (s), 1021 (s), 962 (m), 950 (m), 895 (m), 862 (m), 825 (m), 800 (m), 747 (s), 724 (m) 
528 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 8.82 (1H, s, N=CH), 8.32 (1H, dd, J = 8.0, 1.6 Hz, 
Ar-H), 7.60 (1H, dd, J = 8.0, 1.2 Hz, Ar-H), 7.40-7.38 (1H, m, Ar-H), 7.31-7.29 (1H, m, Ar-H), 7.08 
(1H, d, J = 8.8 Hz, Ar-H), 6.70 (1H, dd J = 8.8; 2.4 Hz, Ar-H), 3.85 (3H, s, ArOCH3), 2.46 (3H, s, 
ArSCH3). 13C NMR (400 MHz, CDCl3): δ 159.2, 156.4, 141.7, 137.4, 134.9, 133.2, 132.2, 129.4, 
127.8, 125.9, 118.0, 111.0, 109.6, 55.7, 14.9. Elemental analysis for C15H14BrNOS, calcd.: C, 53.58; H, 
4.20; N, 4.17; found: C, 53.76; H, 3.97; N, 4.12.  
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3-[(4-Methoxy-2-methylsulfanyl-phenylimino)-methyl]-indole-1-carboxylic acid tert-butyl ester. 
Yellow solid; m. p. = 108-110 oC. IR (neat): 2978 (m), 2933 (w), 2864 (w), 1735 (s), 1619 (m), 1583 
(m), 1474 (m), 1450 (m), 1371 (s), 1332 (m), 1304 (m), 1293 (m), 1268 (m), 1230 (s), 1206 (m), 1150 
(s), 1130 (m), 1091 (s), 1059 (m), 1040 (m), 1018 (m), 906 (m), 850 (m), 830 (m), 761 (m), 751 (m), 
726 (s), 688 (m), 647 (m), 508 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 8.78-8.76 (1H, m, Ar-H), 
8.64 (1H, s, Ar-H), 8.17-8.15 (1H, m, Ar-H), 7.99 (1H, s, N=CH), 7.43-7.39 (2H, m, Ar-H), 7.08 (1H, 
d, J = 8.4 Hz, Ar-H), 6.78 (1H, d, J = 2.4 Hz, Ar-H), 6.68 (1H, dd J = 8.4; 2.4 Hz, Ar-H), 3.85 (3H, s, 
ArOCH3), 2.48 (3H, s, ArSCH3), 1.70 (9H, s, C(CH3)3). 13C NMR (400 MHz, CDCl3): δ 158.7, 151.1, 
149.4, 142.3, 137.4, 136.3, 131.2, 127.7, 125.6, 124.2, 123.5, 120.2, 117.0, 115.0, 110.7, 109.4, 84.7, 
55.7, 28.3, 14.7. Elemental analysis for C22H24N2O3S, calcd.: C, 66.64; H, 6.10; N, 7.07; found: C, 
66.88; H, 5.95; N, 6.96. 
 
N
H
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(4-Methoxy-2-methylsulfanyl-phenyl)-[3-(4-methoxy-phenyl)-prop-2-ynylidene]-amine. Yellow 
solid; m. p. = 103-105 oC. IR (neat): 2833 (m), 2198 (m), 1589 (s), 1508 (s), 1482 (s), 1460 (m), 1438 
(m), 1424 (m), 1352 (m), 1289 (m), 1274 (m), 1247 (m), 1233 (s), 1204 (m), 1172 (s), 1106 (m), 1059 
(m), 1028 (s), 957 (m), 930 (m), 893 (m), 827 (s), 808 (s), 719 (m), 687 (m), 530 (m) cm-1. 1H NMR 
(400 MHz, CDCl3): δ 7.86 (1H, s, N=CH), 7.54 (1H, dd, J = 6.8; 2.0 Hz, Ar-H), 6.93-6.88 (3H, m, 
Ar-H), 6.76 (1H, d, J = 2.8 Hz, Ar-H), 6.65 (1H, dd J = 8.4; 2.4 Hz, Ar-H), 3.84 (3H, s, ArOCH3), 
3.83 (3H, s, ArOCH3), 2.45 (3H, s, ArSCH3). 13C NMR (400 MHz, CDCl3): δ 160.9, 159.4, 142.3, 
 24
141.7, 137.0, 134.2, 117.7, 114.3, 113.8, 111.3, 109.8, 95.6, 87.6, 55.7, 55.5, 15.2. HRMS calcd for 
C18H18NO2S (M+H): 312.10582, Found: 312.10690. 
 
TIPS
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(4-Methoxy-2-methylsulfanyl-phenyl)-(3-triisopropylsilanyl-prop-2-ynylidene)-amine. Yellow 
solid; m. p. = 61-63 oC. IR (neat): 2943 (s), 2891 (m), 2865 (s), 2164 (w), 1592 (s), 1475 (m), 1464 
(m), 1436 (m), 1347 (m), 1295 (m), 1273 (m), 1237 (s), 1182 (m), 1069 (s), 1040 (m), 1018 (m), 883 
(m), 816 (m), 679 (s), 669 (s) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.68 (1H, s, N=CH), 6.88 (1H, d, J 
= 8.8 Hz, Ar-H), 6.73 (1H, d, J = 2.8 Hz, Ar-H), 6.62 (1H, dd, J = 8.4; 2.8 Hz, Ar-H), 3.82 (3H, s, 
ArOCH3), 2.43 (3H, s, ArSCH3), 1.15-1.10 (21H, m, Si(CH(CH3)2)3). 13C NMR (400 MHz, CDCl3): δ 
159.5, 141.4, 137.1, 120.4, 117.8, 111.2, 109.7, 104.6, 99.0, 55.7, 18.8, 15.1, 11.4. Elemental analysis 
for C20H31NOSSi, calcd.: C, 66.43; H, 8.64; N, 3.87; found: C, 66.19; H, 8.97; N, 3.85. 
 
N
H
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(3-Cyclopropyl-prop-2-ynylidene)-(4-methoxy-2-methylsulfanyl-phenyl)-amine. Yellow solid; m. 
p. = 84-86 C. IR (neat): 3006 (w), 2972 (w), 2836 (w), 2201 (s), 1588 (s), 1474 (m), 1292 (m), 1270 
(m), 1222 (m), 1161 (m), 1053 (m), 1037 (s), 920 (m), 901 (s), 847 (s), 821 (m), 796 (s), 687(m), 600 
(m), 549 (m), 457 (m) cm . H NMR (400 MHz, CDCl3): δ 7.57 (1H, d, J = 2.0 Hz, N=CH), 6.81 (1H, 
d, J = 8. Ar-H), 6.71 (1H, d, J = 2.8 Hz, Ar-H), 6.60 (1H  dd, J = 8.8; 2.8 Hz, Ar-H), 3.80 (3H, s, 
ArOCH3), 2.41 (3H, s, H3), 1.49-1.42 (1H, m, CH(CH2)2), 0.94-0.89 (4H, m, CH(CH2)2). C 
NMR (400 MHz, CDCl3): δ 159.1, 14 2, 142.1, 136.5, 117.7, 111.2, 109.6, 101.1, 75.6, 55.7, 15.1, 
9.4, 0.6. Elem
o
-1 1
8 Hz, ,
ArSC 13
2.
ental analysis for C14H15NOS, calcd.: C, 68.54; H, 6.16; N, 5.71; found: C, 68.26; H, 
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6.11; N, 5.72. 
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2-[(4-Methoxy-2-methylsulfanyl-phenylamino)-phenyl-methyl]-5-oxo-2,5-dihydro-pyrrole-1-car
boxylic acid tert-butyl ester. Yellow oil. IR (neat): 3355 (m), 3060 (m), 2980 (m), 2927 (m), 2832 
(m), 1782 (s), 1744 (s), 1709 (s), 1602 (m), 1506 (s), 1455 (m), 1434 (m), 1394 (m), 1367 (m), 1319 
(s), 1282 (s), 1215 (m), 1200 (m), 1159 (s), 1105 (m), 1050 (m), 970 (m), 938 (m), 867 (m), 843 (m), 
809 (m), 796 (m), 736 (m), 704 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.41-7.37 (4H, m, Ar-H), 
7.33-7.30 (1H, m, Ar-H), 6.98 (1H, d, J = 2.8 Hz, Ar-H), 6.93 (1H, dd, J = 6.0; 1.6 Hz, Ar-H), 6.58 
(1H, dd, J = 9.2; 3.2 Hz, Ar-H), 6.31 (1H, dd, J = 6.0; 0.8 Hz, CHCH), 6.22 (1H, d, J = 8.8 Hz, 
CH=CH), 5.40 (1H, dd, J = 6.8; 3.6 Hz, CH=CH), 5.03-5.01 (1H, m, NHCH), 4.85 (1H, d, J = 7.2 Hz, 
CHNH), 3.68 (3H, s, ArOCH3), 2.33 (3H, s, ArSCH3), 1.54 (9H, s, C(CH3)3). 13C NMR (400 MHz, 
CDCl3): δ 168.8, 151.8, 149.5, 146.2, 141.3, 139.4, 129.3, 129.1, 128.1, 126.5, 122.0, 119.4, 115.0, 
112.3, 83.6, 67.6, 57.7, 55.9, 28.2, 18.4. Elemental analysis for C24H28N2O4S, calcd.: C, 65.43; H, 6.41; 
N, 6.36; found: C, 65.15; H, 6.33; N, 6.23. HRMS calcd for C24H29N2O4S (M+H): 441.18480, Found: 
441.18617. Optical rotation: [α]D20 81.05 (c 1.713, CHCl3) for a 98% ee sample. The enantiomeric 
purity was determined by chiral HPLC analysis (AD, 99:1 hexanes:i-PrOH, 0.3 mL/min, 254 nm) tR 
111 min (minor) and tR 128 min (major). 
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Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 112.2 49.6 136.8 50.4 
Catalytic Product 111.1 0.6 127.6 99.4 
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2-[(4-Methoxy-2-methylsulfanyl-phenylamino)-(4-methoxy-phenyl)-methyl]-5-oxo-2,5-dihydro-p
yrrole-1-carboxylic acid tert-butyl ester. Yellow oil. IR (neat): 3357 (w), 2925 (m), 2854 (m), 1780 
(m), 1742 (s), 1708 (m), 1609 (m), 1585 (w), 1504 (s), 1460 (m), 1394 (m), 1366 (m), 1315 (s), 1279 
(s), 1248 (s), 1214 (m), 1156 (s), 1105 (m), 1032 (s), 969 (m), 938 (m), 869 (m), 844 (m), 823 (m), 
796 (m), 771 (m), 748 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.31 (2H, d, J = 8.8 Hz, Ar-H), 
6.97-6.90 (4H, m, Ar-H), 6.58 (1H, dd, J = 8.8; 2.8 Hz, Ar-H), 6.30 (1H, dd, J = 6.0; 1.6 Hz, CHCH), 
6.23 (1H, d, J = 9.2 Hz, CH=CH), 5.33 (1H, br, CH=CH), 4.99-4.97 (1H, m, NHCH), 4.82 (1H, d, J = 
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6.4 Hz, CHNH), 3.80 (3H, s, ArOCH3), 3.68 (3H, s, ArOCH3), 2.32 (3H, s, ArSCH3), 1.53 (9H, s, 
C(CH3)3). 13C NMR (400 MHz, CDCl3): δ 168.7, 159.3, 151.7, 149.6, 146.3, 141.4, 131.2, 129.2, 
127.6, 122.0, 119.4, 115.1, 114.5, 112.3, 83.6, 67.7, 57.2, 55.9, 55.4, 28.3, 18.5. Elemental analysis for 
C25H30N2O5S, calcd.: C, 63.81; H, 6.43; N, 5.95; found: C, 63.80; H, 6.19; N, 5.90. HRMS calcd for 
C25H31N2O5S (M+H): 471.19537, Found: 471.19528. Optical rotation: [α]D20 75.26 (c 0.473, CHCl3) 
for a 96% ee sample. The enantiomeric purity was determined by chiral HPLC analysis (OD, 95:5 
hexanes:i-PrOH, 0.7 mL/min, 254 nm) tR 33 min (major) and tR 59 min (major). 
 
         
Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 35.2 50.1 62.5 49.9 
Catalytic Product 34.3 98.5 63.6 1.5 
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2-[(4-Bromo-phenyl)-(4-methoxy-2-methylsulfanyl-phenylamino)-methyl]-5-oxo-2,5-dihydro-pyr
role-1-carboxylic acid tert-butyl ester. Yellow oil. IR (neat): 3354 (w), 2977 (m), 2926 (m), 1782 
(m), 1743 (s), 1708 (m), 1503 (s), 1458 (m), 1436 (m), 1404 (m), 1358 (m), 1314 (s), 1281 (m), 1257 
(m), 1214 (m), 1198 (m), 1156 (s), 1106 (m), 1071 (m), 1048 (m), 1009 (m), 871 (m), 845 (m), 808 
(m), 792 (m), 772 (m), 747 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.52 (2H, dd, J = 6.4; 2.0 Hz, 
Ar-H), 7.30-7.28 (2H, m, Ar-H), 6.97 (1H, d, J = 2.8 Hz, Ar-H), 6.91 (1H, dd, J = 6.4; 2.0 Hz, Ar-H), 
6.59 (1H, dd, J = 8.8; 3.2 Hz, Ar-H), 6.31 (1H, dd, J = 6.0; 1.6 Hz, CHCH), 6.19 (1H, d, J = 8.8 Hz, 
CH=CH), 5.33 (1H, d, J = 3.2 Hz, CH=CH), 5.00-4.99 (1H, m, NHCH), 4.89 (1H, br, CHNH), 3.69 
(3H, s, ArOCH3), 2.33 (3H, s, ArSCH3), 1.52 (9H, s, C(CH3)3). 13C NMR (400 MHz, CDCl3): δ 168.4, 
152.2, 149.8, 145.7, 140.8, 138.5, 132.3, 129.6, 128.4, 122.5, 122.0, 119.3, 115.0, 112.6, 83.9, 67.2, 
57.7, 55.9, 28.3, 18.5. Elemental analysis for C24H27BrN2O4S, calcd.: C, 55.49; H, 5.24; N, 5.39; 
found: C, 55.24; H, 5.36; N, 5.19. HRMS calcd for C24H28BrN2O4S (M+H): 519.09532, Found: 
519.09323. Optical rotation: [α]D20 83.90 (c 1.45, CHCl3) for a 94% ee sample. The enantiomeric 
purity was determined by chiral HPLC analysis (OD, 95:5 hexanes:i-PrOH, 1.0 mL/min, 254 nm) tR 
20 min (major) and tR 33 min (minor). 
 
         
Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 20.9 49.9 33.4 50.1 
Catalytic Product 20.3 96.9 33.2 3.1 
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2-[(2-Bromo-phenyl)-(4-methoxy-2-methylsulfanyl-phenylamino)-methyl]-5-oxo-2,5-dihydro-pyr
role-1-carboxylic acid tert-butyl ester. White solid. IR (neat): 3359 (w), 3104 (w), 3064 (w), 2980 
(m), 2920 (w), 2832 (w), 1775 (m), 1743 (s), 1712 (s), 1606 (m), 1503 (s), 1461 (m), 1439 (m), 1395 
(m), 1367 (m), 1355 (m), 1315 (s), 1259 (m), 1230 (m), 1212 (m), 1196 (m), 1158 (s), 1099 (m), 1042 
(m), 1021 (m), 931 (m), 865 (m), 844 (m), 808 (m), 792 (m), 775 (m), 757 (s), 733 (m) cm-1. 1H NMR 
(400 MHz, CDCl3): δ 7.63 (1H, d, J = 8.0 Hz, Ar-H), 7.32-7.27 (2H, m, Ar-H), 7.21-7.17 (1H, m, 
Ar-H), 6.98 (1H, d, J = 3.2 Hz, Ar-H), 6.76 (1H, dd, J = 6.4; 2.0 Hz, Ar-H), 6.61 (1H, dd, J = 8.8; 3,2 
Hz, Ar-H), 6.29 (1H, dd, J = 6.4; 2.0 Hz, CHCH), 6.17 (1H, d, J = 8.8 Hz, CH=CH), 5.73 (1H, dd, J = 
6.8; 4.8 Hz, NHCH), 5.32 (1H, dd, J = 4.0; 1.6 Hz, CH=CH), 5.06 (1H, d, J = 7.6 Hz, CHNH), 3.68 
(3H, s, ArOCH3), 2.34 (3H, s, ArSCH3), 1.46 (9H, s, C(CH3)3). 13C NMR (400 MHz, CDCl3): δ 168.9, 
151.9, 149.4, 146.2, 140.7, 138.0, 133.6, 129.8, 129.0, 129.0, 128.1, 123.1, 122.0, 119.6, 115.2, 112.2, 
83.7, 63.5, 57.4, 55.9, 28.3, 18.8. Elemental analysis for C24H27BrN2O4S, calcd.: C, 55.49; H, 5.24; N, 
5.39; found: C, 55.37; H, 5.26; N, 5.37. Optical rotation: [α]D20 -46.86 (c 1.32, CHCl3) for a 97% ee 
sample. The enantiomeric purity was determined by chiral HPLC analysis (OD, 90:10 hexanes:i-PrOH, 
0.7 mL/min, 254 nm) tR 25 min (major) and tR 29 min (minor). 
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Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 25.5 49.6 28.8 50.4 
Catalytic Product 25.2 98.6 29.6 1.4 
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2-[(4-Methoxy-2-methylsulfanyl-phenylamino)-(4-nitro-phenyl)-methyl]-5-oxo-2,5-dihydro-pyrr
ole-1-carboxylic acid tert-butyl ester. Yellow oil. IR (neat): 3345 (w), 3078 (w), 2975 (m), 2927 (m), 
2864 (w), 1780 (m), 1743 (s), 1708 (s), 1599 (m), 1502 (s), 1394 (m), 1345 (s), 1315 (s), 1281 (m), 
1257 (m), 1214 (m), 1154 (s), 1106 (m), 1046 (m), 1034 (m), 970 (m), 937 (m), 879 (m), 836 (m), 810 
(m), 746 (m), 717 (m), 689 (m), 632 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 8.26 (2H, d, J = 8.8 Hz, 
Ar-H), 7.62 (2H, d, J = 8.4 Hz, Ar-H), 6.98 (1H, d, J = 2.8 Hz, Ar-H), 6.87 (1H, dd, J = 6.0; 2.0 Hz, 
Ar-H), 6.58 (1H, dd, J = 8.8; 2.8 Hz, Ar-H), 6.35 (1H, dd, J = 6.4; 2.0 Hz, CHCH), 6.13 (1H, d, J = 
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9.2 Hz, CH=CH), 5.47-5.46 (1H, m, NHCH), 5.06-5.04 (1H, m, CH=CH), 4.90 (1H, d, J = 6.8 Hz, 
CHNH), 3.69 (3H, s, ArOCH3), 2.35 (3H, s, ArSCH3), 1.52 (9H, s, C(CH3)3). 13C NMR (400 MHz, 
CDCl3): δ 168.1, 152.4, 149.8, 147.9, 147.3, 145.0, 140.5, 130.0, 127.7, 124.4, 122.7, 119.2, 114.7, 
112.4, 84.1, 66.8, 57.9, 55.9, 28.2, 18.5. Elemental analysis for C24H27N3O6S, calcd.: C, 59.37; H, 5.60; 
N, 8.65; found: C, 59.19; H, 5.69; N, 8.62. The enantiomeric purity was determined by chiral HPLC 
analysis (AD, 95:5 hexanes:i-PrOH, 0.5 mL/min, 254 nm) tR 64 min (minor) and tR 95 min (major) 
 
         
Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 64.3 48.2 97.1 51.8 
Catalytic Product 63.6 8.4 95.3 91.6 
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2-[Furan-2-yl-(4-methoxy-2-methylsulfanyl-phenylamino)-methyl]-5-oxo-2,5-dihydro-pyrrole-1-
carboxylic acid tert-butyl ester. Yellow oil. IR (neat): 3349 (w), 2979 (m), 2925 (m), 2833 (w), 1780 
(m), 1741 (s), 1706 (s), 1604 (m), 1501 (s), 1458 (m), 1436 (m), 1394 (m), 1360 (m), 1316 (s), 1279 
(m), 1257 (m), 1212 (m), 1154 (s), 1105 (m), 1048 (m), 1010 (m), 956 (m), 916 (m), 868 (m), 842 (m), 
803 (m), 768 (m), 744 (m), 699 (m), 599 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.42 (1H, dd, J = 
2.0; 0.8 Hz, Ar-H), 7.11 (1H, dd, J = 6.0; 2.0 Hz, Ar-H), 6.96 (1H, d, J = 3.2 Hz, Ar-H), 6.67 (1H, dd, 
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J = 8.8; 3.2 Hz, Ar-H), 6.49 (1H, d, J = 8.8 Hz, Ar-H), 6.34 (1H, dd, J = 3.2; 2.0 Hz, Ar-H), 6.30 (1H, 
dd, J = 6.0; 1.6 Hz, CHCH), 6.26-6.25 (1H, m, CH=CH), 5.50 (1H, d, J = 3.6 Hz, NHCH), 5.16-5.14 
(1H, m, CH=CH), 4.72 (1H, br, CHNH), 3.70 (3H, s, ArOCH3), 2.26 (3H, s, ArSCH3), 1.52 (9H, s, 
C(CH3)3). 13C NMR (400 MHz, CDCl3): δ 168.7, 153.0, 152.2, 149.8, 146.4, 142.7, 141.3, 129.6, 
122.5, 119.4, 115.2, 112.7, 110.6, 107.6, 83.6, 65.4, 55.9, 53.1, 28.2, 18.5. Elemental analysis for 
C22H26N2O5S, calcd.: C, 61.38; H, 6.09; N, 6.51; found: C, 61.48; H, 6.16; N, 6.37. HRMS calcd for 
C22H27N2O5S (M+H): 431.16407, Found: 431.16433. Optical rotation: [α]D20 183.47 (c 1.24, CHCl3) 
for a 94% ee sample. The enantiomeric purity was determined by chiral HPLC analysis (OD, 95:5 
hexanes:i-PrOH, 1.0 mL/min, 254 nm) tR 13 min (major) and tR 16 min (minor) 
 
         
Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 13.6 50.0 16.5 50.0 
Catalytic Product 13.1 96.8 15.8 3.2 
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2-[(4-Methoxy-2-methylsulfanyl-phenylamino)-thiophen-2-yl-methyl]-5-oxo-2,5-dihydro-pyrrole
-1-carboxylic acid tert-butyl ester. Yellow oil. IR (neat): 3334 (w), 3102 (w), 2979 (m), 2928 (m), 
2832 (w), 1782 (m), 1744 (s), 1708 (m), 1604 (m), 1503 (s), 1368 (m), 1357 (m), 1318 (s), 1281 (m), 
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1258 (m), 1214 (m), 1158 (s), 1106 (m), 1049 (m), 970 (m), 932 (m), 844 (m), 802 (m), 705 (m), 604 
(m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.26-7.25 (1H, m, Ar-H), 7.09 (1H, dd, J = 6.4; 2.0 Hz, 
Ar-H), 7.06-7.01 (2H, m, Ar-H), 6.98 (1H, d, J = 3.2 Hz, Ar-H), 6.62 (1H, dd, J = 8.8; 2.8 Hz, Ar-H), 
6.44 (1H, d, J = 9.2 Hz, CHCH), 6.34-6.32 (1H, m, CH=CH), 5.65 (1H, dd, J = 7.6; 3.6 Hz, NHCH), 
5.10-5.08 (1H, m, CH=CH), 4.87 (1H, d, J = 3.2 Hz, CHNH), 3.71 (3H, s, ArOCH3), 2.31 (3H, s, 
ArSCH3), 1.51 (9H, s, C(CH3)3). 13C NMR (400 MHz, CDCl3): δ 168.4, 152.2, 149.6, 146.0, 144.9, 
141.3, 129.8, 127.6, 124.9, 124.3, 122.3, 119.4, 115.2, 112.5, 83.7, 67.6, 56.0, 54.9, 28.3, 18.7. HRMS 
calcd for C22H27N2O4S2 (M+H): 447.14122, Found: 447.14231. Optical rotation: [α]D20 109.72 (c 1.04, 
CHCl3) for a 98% ee sample. The enantiomeric purity was determined by chiral HPLC analysis (OD, 
95:5 hexanes:i-PrOH, 1.0 mL/min, 254 nm) tR 17 min (major) and tR 21 min (minor) 
 
        
Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 22.8 49.3 28.2 50.7 
Catalytic Product 22.3 98.2 28.4 1.8 
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2-[1-(4-Methoxy-2-methylsulfanyl-phenylamino)-3-phenyl-prop-2-ynyl]-5-oxo-2,5-dihydro-pyrro
le-1-carboxylic acid tert-butyl ester. Yellow oil. IR (neat): 3338 (w), 2979 (m), 2924 (m), 2832 (w), 
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1782 (m), 1742 (s), 1705 (s), 1599 (m), 1499 (s), 1459 (m), 1441 (m), 1394 (m), 1357 (m), 1317 (s), 
1279 (m), 1256 (m), 1212 (m), 1155 (s), 1106 (m), 1048 (m), 914 (m), 864 (m), 839 (m), 801 (m), 757 
(m), 721 (m), 692 (m), 609 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.51 (1H, dd, J = 6.0; 2.0 Hz, 
Ar-H), 7.41-7.39 (2H, m, Ar-H), 7.34-7.29 (3H, m, Ar-H), 6.98 (1H, t, J = 1.2 Hz, Ar-H), 6.76 (2H, d, 
J = 1.6 Hz, Ar-H, CH=CH), 6.35 (1H, dd, J = 6.0; 1.6 Hz, CHCH), 5.28 (1H, d, J = 3.6 Hz, CH=CH), 
5.08 (1H, s, NHCH), 4.54 (1H, br, CHNH), 3.74 (3H, s, ArOCH3), 2.28 (3H, s, ArSCH3), 1.53 (9H, s, 
C(CH3)3). 13C NMR (400 MHz, CDCl3): δ 168.5, 152.7, 150.0, 146.7, 140.9, 131.9, 129.8, 128.8, 
128.4, 123.7, 122.2, 119.1, 115.1, 113.9, 86.4, 85.4, 83.7, 65.7, 55.9, 47.6, 28.2, 18.5. Elemental 
analysis for C26H28N2O4S, calcd.: C, 67.22; H, 6.07; N, 6.03; found: C, 67.03; H, 5.88; N, 6.07. 
HRMS calcd for C26H29N2O4S (M+H): 465.18480, Found: 465.18300. Optical rotation: [α]D20 195.98 
(c 3.01, CHCl3) for a 93% ee sample. The enantiomeric purity was determined by chiral HPLC 
analysis (AD, 99:1 hexanes:i-PrOH, 0.3 mL/min, 254 nm) tR 137 min (minor) and tR 161 min (major) 
 
        
Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 140.2 49.6 164.6 50.4 
Catalytic Product 136.7 3.6 161.4 96.4 
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2-[1-(4-Methoxy-2-methylsulfanyl-phenylamino)-3-(4-methoxy-phenyl)-prop-2-ynyl]-5-oxo-2,5-d
ihydro-pyrrole-1-carboxylic acid tert-butyl ester. Yellow oil. IR (neat): 3329 (w), 2978 (m), 2930 
(m), 2835 (m), 1781 (m), 1741 (s), 1705 (s), 1605 (m), 1500 (s), 1463 (m), 1439 (m), 1357 (m), 1317 
(s), 1289 (s), 1247 (s), 1212 (m), 1155 (s), 1106 (m), 1030 (m), 911 (m), 864 (m), 832 (s), 804 (m), 
774 (m), 729 (m), 686 (m), 607 (m) cm-1. 1H NMR (400 MHz, CDCl3): δ 7.51 (1H, dd, J = 6.0; 2.0 Hz, 
Ar-H), 7.35-7.32 (2H, m, Ar-H), 6.98 (1H, d, J = 2.4 Hz, Ar-H), 6.84-6.81 (2H, m, Ar-H), 6.77-6.74 
(2H, m, Ar-H, CH=CH), 6.34 (1H, dd, J = 6.0; 1.6 Hz, CHCH), 5.26 (1H, d, J = 4.0 Hz, CH=CH), 
5.05 (1H, dd, J = 6.0; 1.6 Hz, NHCH), 4.40 (1H, br, CHNH), 3.79 (3H, s, ArOCH3), 3.73 (3H, s, 
ArOCH3), 2.27 (3H, s, ArSCH3), 1.52 (9H, s, C(CH3)3). 13C NMR (400 MHz, CDCl3): δ 168.5, 159.9, 
152.6, 149.9, 146.8, 141.0, 133.3, 129.7, 123.6, 119.1, 115.1, 114.2, 114.0, 113.9, 85.4, 85.0, 83.6, 
65.8, 55.9, 55.4, 47.7, 28.2, 18.5. Elemental analysis for C27H30N2O5S, calcd.: C, 65.57; H, 6.11; N, 
5.66; found: C, 65.40; H, 6.07; N, 5.48. HRMS calcd for C27H31N2O5S (M+H): 495.19537, Found: 
495.19630. Optical rotation: [α]D20 234.83 (c 1.42, CHCl3) for a 86% ee sample. The enantiomeric 
purity was determined by chiral HPLC analysis (AD, 99:1 hexanes:i-PrOH, 0.6 mL/min, 254 nm) tR 
123 min (minor) and tR 151 min (major) 
 
        
Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 121.5 48.8 151.1 51.2 
Catalytic Product 123.4 7.2 150.8 92.8 
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2-[1-(4-Methoxy-2-methylsulfanyl-phenylamino)-3-triisopropylsilanyl-prop-2-ynyl]-5-oxo-2,5-di
hydro-pyrrole-1-carboxylic acid tert-butyl ester. Yellow oil. IR (neat): 3341 (w), 2941 (m), 2864 
(m), 2170 (w), 1787 (m), 1747 (s), 1709 (s), 1606 (w), 1500 (s), 1462 (m), 1394 (m), 1366 (m), 1355 
(m), 1316 (s), 1279 (s), 1256 (m), 1212 (m), 1157 (s), 1106 (m), 1050 (m), 1018 (m), 996 (m), 971 (m), 
918 (m), 882 (m), 843 (s), 799 (m), 775 (m), 748 (m), 677 (m), 606 (m) cm-1. 1H NMR (400 MHz, 
CDCl3): δ 7.42 (1H, dd, J = 6.4; 2.4 Hz, Ar-H), 6.95 (1H, d, J = 2.4 Hz, Ar-H), 6.74-6.67 (2H, m, 
Ar-H, CH=CH), 6.33 (1H, dd, J = 6.4; 1.6 Hz, CHCH), 5.09 (1H, dd, J = 9.6; 3.6 Hz, NHCH), 
5.00-4.98 (1H, m, CH=CH), 4.41 (1H, d, J = 9.6 Hz, CHNH), 3.73 (3H, s, ArOCH3), 2.24 (3H, s, 
ArSCH3), 1.52 (9H, s, C(CH3)3), 1.02 (21H, s, SiCH(CH3)2). 13C NMR (400 MHz, CDCl3): δ 168.4, 
152.6, 150.1, 146.6, 141.0, 129.8, 123.6, 119.1, 115.1, 114.1, 104.8, 86.9, 83.7, 65.8, 56.0, 47.8, 28.3, 
18.7, 18.6, 11.3. Elemental analysis for C29H44N2O4SSi, calcd.: C, 63.93; H, 8.14; N, 5.14; found: C, 
63.91; H, 7.89; N, 5.06. HRMS calcd for C30H44N2O4SSi (M+H): 545.28693, Found: 545.28647. 
Optical rotation: [α]D20 201.03 (c 1.43, CHCl3) for a 95% ee sample. The enantiomeric purity was 
determined by chiral HPLC analysis (OD, 98:2 hexanes:i-PrOH, 0.4 mL/min, 254 nm) tR 26 min 
(major) and tR 47 min (minor) 
 
        
Sample Ret. Time (min) Area % Ret. Time (min) Area % 
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Racemic 25.3 49.5 45.5 50.5 
Catalytic Product 25.9 97.5 47.1 2.5 
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2-[3-Cyclopropyl-1-(4-methoxy-2-methylsulfanyl-phenylamino)-prop-2-ynyl]-5-oxo-2,5-dihydro-
pyrrole-1-carboxylic acid tert-butyl ester. Yellow oil. IR (neat): 3331 (w), 2980 (m), 2930 (m), 
2832 (w), 2233 (w), 1784 (m), 1744 (s), 1708 (s), 1605 (w), 1502 (s), 1457 (m), 1436 (m), 1359 (m), 
1321 (s), 1280 (m), 1252 (m), 1213 (m), 1158 (s), 1108 (m), 1050 (m), 864 (m), 840 (m), 608 (m) cm-1. 
1H NMR (400 MHz, CDCl3): δ 7.41 (1H, dd, J = 6.0; 2.0 Hz, Ar-H), 6.95 (1H, d, J = 2.8 Hz, Ar-H), 
6.73 (1H, dd, J = 8.8; 2.8 Hz, Ar-H), 6.63 (1H, d, J = 9.2 Hz, CH=CH), 6.30 (1H, dd, J = 6.0; 1.6 Hz, 
CHCH), 4.99-4.97 (1H, m, NHCH), 4.91-4.89 (1H, m, CH=CH), 4.32 (1H, d, J = 9.6 Hz, CHNH), 
3.73 (3H, s, ArOCH3), 2.25 (3H, s, ArSCH3), 1.50 (9H, s, C(CH3)3), 1.26-1.21 (1H, m, (CH2)2CH), 
0.79-0.62 (4H, m, CH(CH2)2). 13C NMR (400 MHz, CDCl3): δ 168.5, 152.4, 149.9, 146.9, 141.2, 
129.5, 123.3, 119.2, 115.2, 113.6, 89.2, 83.5, 72.6, 66.0, 56.0, 47.2, 28.3, 18.5, 8.6, 8.5, -0.4. 
Elemental analysis for C23H28N2O4S, calcd.: C, 64.46; H, 6.59; N, 6.54; found: C, 64.64; H, 6.31; N, 
6.54. HRMS calcd for C23H29N2O4S (M+H): 429.18480, Found: 429.18521. Optical rotation: [α]D20 
173.95 (c 1.31, CHCl3) for a 92% ee sample. The enantiomeric purity was determined by chiral HPLC 
analysis (OD, 96:4 hexanes:i-PrOH, 0.5 mL/min, 254 nm) tR 34 min (major) and tR 40 min (minor) 
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Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 34.4 47.5 37.5 52.5 
Catalytic Product 33.7 96.2 39.9 3.8 
 
HN
MeS
BocN
O
OMe
 
2-[Cyclohexyl-(4-methoxy-2-methylsulfanyl-phenylamino)-methyl]-5-oxo-2,5-dihydro-pyrrole-1-
carboxylic acid tert-butyl ester. Colorless Oil. IR (neat): 3358 (w), 3093 (w), 2927 (s), 2853 (m), 
2176 (w), 2158 (w), 1995 (w), 1971 (w), 1778 (s), 1740 (s), 1708 (s), 1602 (m), 1509 (s), 1452 (m), 
1368 (m), 1355 (m), 1320 (s), 1291 (m), 1257 (m), 1211 (m), 1160 (s), 1106 (m), 1046 (m), 803 (m) 
cm-1. 1H NMR (400 MHz, CDCl3): δ 7.21 (1H, dd, J = 6.0; 2.0 Hz, Ar-H), 6.93 (1H, d, J = 3.2 Hz, 
Ar-H), 6.65 (1H, dd, J = 8.8; 2.8 Hz, Ar-H), 6.50 (1H, d, J = 9.2 Hz, CH=CH), 6.26 (1H, dd, J = 6.4; 
1.6 Hz, CH=CH), 5.02 (1H, m, NHCH), 4.13 (2H, br, CHCH, CHNH), 3.71 (3H, s, ArOCH3), 2.24 
(3H, s, ArSCH3), 1.49 (9H, s, C(CH3)3), 1.96-0.96 (11H, m, (CH2)4CH2CH). 13C NMR (400 MHz, 
CDCl3): δ 168.5, 151.0, 149.9, 145.7, 143.5, 130.0, 120.2, 119.7, 115.8, 111.3, 83.1, 64.3, 59.0, 56.1, 
43.5, 31.1, 30.7, 28.3, 26.4, 26.2, 26.2, 18.8. HRMS calcd for C24H35N2O4S (M+H): 447.23175, Found: 
447.23078. Optical rotation: [α]D20 163.24 (c 1.00, CHCl3) for a 91% ee sample. 
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Sample Ret. Time (min) Area % Ret. Time (min) Area % 
Racemic 51.4 50.4 78.4 49.6 
Catalytic Product 51.9 4.7 77.6 95.3 
 
